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Abstract 
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Ubiquitous presence of lead in the ambient and occupational environment as 
well as its toxic impact on environment and human health has been a serious 
concem of toxicologists in particular as well as poUcy planners and regulators in 
general. Studies in mechanistic aspects of lead toxicity have provided useful tools in 
understanding the health risks and its mitigation. 
Although the population exposure to Pb has fallen over the last three decades 
with the introduction of low lead paint, unlead petrol, and banning of lead solders in 
food cans, sub-clinically significant Pb exposure fi-om these sources remains. 
Additionally, newer sources of exposure are emerging such as contamination of 
traditional medicines used in many countries including India. Pb is related to a broad 
range of physiologic, biochemical, and behavioral dysfunctions. Recent studies have 
reported that even at low level Pb exposure, a graded association with several 
disease outcomes such as hypertension, peripheral artery disease, kidney disease, 
neurodegenerative disease, and cognitive impairment had been found in 
epidemiological studies. In addition to these well-documented toxic effects of Pb on 
various target organs, a number of studies have shown that acute and chronic 
exposure to Pb may result in impairment of immune functions. Depression of 
cellular and humoral immune functions has been recorded, even at relatively low 
levels of Pb which were not associated with overt toxicity. Generally Pb exposure 
can result in impaired responses to mitogens, alterations in the number of 
lymphocytes, diminished levels of immunoglobulins, depression of neutrophil 
functions, and increased incidence of colds and influenza in workers with elevated 
blood levels. In addition to this the most primitive and important cells of innate 
immunity i.e. macrophages and DCs are also known to be the major targets of Pb 
toxicity both in-vivo and in-vitro. Basically the innate immime system represents as 
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the first line of internal defence against 'danger* i.e., foreign bodies, particularly 
microorganisms. Physical barriers provide the primary barrier to invasion by an 
organism; however, once these are penetrated, the host depends on a more active 
protective system. The innate immime system as the next line of defence is required 
to deliver immediate effectors to control the invading pathogen and regulatory 
signals to promote an adaptive immime response. Li order to provide prompt 
protection, the innate immune response must be able to respond to and destroy many 
different pathogens. This ability is accomplished, in part, by recognition of the 
invariant molecular targets shared by a diverse array of pathogens. The innate 
system must distinguish self from nonself hi addition, it must also activate specific 
effector responses from the adaptive inmiune system. The primary cells involved in 
the innate immune response are mainly the surveillance cells namely macrophages 
and DCs, and the nonspecific effector cells, such as natural killer (NK) cells and 
granulocytes recruited by the inflammatory response. T and B lymphocytes are then 
added to the immune cell arsenal to develop the adaptive immune response. Among 
all these macrophages are the sentinel cells, which respond first to innate stimuli by 
phagocytosis of foreign bodies. Macrophages are known as a significant target for 
Pb- induced immunotoxicity for several decades. Recent research on lead mediated 
immunotoxicity has served to underscore this point even further, hi fact, many host 
problems (e.g., neurological, cardiac, renal, reproductive) arising from exposure to 
Pb may ultimately frace back to Pb-induced changes among myelomonocytic-
derived populations including macrophages, dendritic cells and their progenitor cells 
monocytes. Exposure of Pb to macrophages can result in serious consequences like 
reduction in phagocytosis, nitric oxide (NO) production, increase in 
proinflammatory cytokine production i.e. TNF-a, IL-lp, IL-6, reactive oxygen 
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species (ROS) production etc. Moreover if exposure was prolonged or persistent cell 
death was also quite evident. Monocytes represait about 5-10% of peripheral blood 
leiikocytes in humans and experimental animal models. They originate from a 
myeloid precursor in the bone marrow and are released in the circulation and then 
enter tissues. The half-life of monocytes in blood is believed to be relatively short, 
about one day in mice and 3 days in humans. This short half-life in blood has 
fostered the concept that blood monocytes may continuously repopulate macrophage 
or dendritic cell (DC) populations to maintain homeostasis and, during 
inflammation, fiilfiU critical roles in innate and adaptive immunity. However, the 
most important function of these cells is to act as an reservoir for macrophages. 
There is very little information available on the effect of Pb toxicity on these 
progenitor cells (monocytes), only few studies had suggested the influence of Pb 
toxicity on ROS, NO production and cell death. 
Extensive and broad studies linking Pb to the cytotoxicity, genotoxicity, 
cytokine production, ROS production, cell death and their molecular mechanism are 
still lacking. Therefore, present thesis entitled, "A study on the effect of lead 
induced ros damage on human monocyte cell line", was undertaken wherein 
experimental studies on Pb toxicity in monocytic cell line THP-1 as a model system 
for human monocytes were performed to extrapolate data in real life situation. 
Thesis also embodies data on the molecular mechanism(s) that are involved in Pb 
mediated cytotoxicity, genotoxicity, cytokine production and ultimately cell death. 
The present thesis contains 3 chapters of experimental studies. In chapter-I, 
data on in vitro cyto-genotoxic effect of Pb in THP-1 and its correlation with ROS 
are presented in detail. Results established a strong concentration - and time-
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dependent cytotoxicity of Pb in THP-1 monocytes. Cells were exposed to increasing 
concentration of Pb (0.1-100 ^M) for different time periods (6,24 and 48 hr) and the 
cytotoxicity was assessed through MTT and NRU assay. The results showed that 
exposure concentration of 100 ^M or less had only mild effect on cellular viability 
i.e. more than 80% were found to be live at both 6 and 24hr. However, at 48 hrs the 
MTT results showed a significant (p < 0,05) reduction in cell viability i.e. 26%, 35% 
and 46% at concentration ranges from 25-100 ^M, respectively. Similar trends were 
observed with NRU assay which showed lysosomal damage as the time point 
increases. LDH assay showed that higher doses of Pb, i.e. 50 and 100 nM, lead to 
significant (p < 0.05) membrane damage i.e. 70% and 127% at 48 h. We next 
examined the production of ROS and also studied the oxidative status of THP-1 
monocytes when they were exposed to Pb. Results suggested imbalance in oxidative 
status as reduced glutathione (GSH) was found to be decreased significanlty and 
lipid peroxidation (LPO) was increased significanlty at 48 h. ROS production was 
increased both at 3h and 6h. At 6h all the doses i.e. 10 -100 |xM induces 53%, 148%, 
180% and 185% ROS, respectively, when compared to control. These results clearly 
pointed towards the oxidative imbalance in THP-1 monocytes after Pb exposure. 
Further to assess whether the Pb exposure can induce genotoxicity in THP-1 
monocytes we performed two well known assays i.e. DNA damage by comet assay 
and micronucleus assay. The results of comet assay showed significant (p < 0.05) 
increase in both the qualitative and quantitative DNA damage in cells exposed to Pb 
for 6h, as evident by the conventional Comet assay parameters viz. Olive tail 
moment (OTM), Tail movement (TM) and Tail DNA (%) respectively. Another 
genotoxicity assay micronucleus formation also showed the same trend in THP-1 
monocytes after Pb exposure. As shown previously that ROS levels were increased 
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almost after 3 h upto 6h of Pb exposure, therefore we aimed to find out if ROS is 
also involved in the genetic damage or not. For this we performed oxidative comet 
assay utilizing Fpg enzyme which detects ROS oxidized nuclear bases. We observed 
statistically significant (P < 0.05) induction in OTM at doses 25, 50 and 100 pM of 
Pb after 6 h exposure as compared to the respective controls. Similar results were 
observed in % T DNA also. When compared amongst the groups, Fpg elicited a 
significantly greater response at the two higher concentrations of Pb (50 and 100 
\M) as evident by the Comet assay parameter. This clearly demonstrated that ROS 
are involved in the genotoxicity observed in THP-1 cells after Pb exposure. The 
comparison of results depicts a clear trend of cyto-genotoxic potential paralleling the 
ROS generation, suggesting a definite role of oxidative stress in Pb-induced toxicity. 
Next we attempted to identify the expression pattern of DNA damage responsive 
pathway proteins that get activated after double stand breakage (DSBs) namely y-
H2A.X, p-ATM, p-ATR, p-Chkl, and p-Chk2 by Immunoblot analysis. Treatment 
of THP-1 cells with Pb resulted in clear up-regulation and phosphorylation of y-
H2A.X, p-ATM, p-ATR, p-Chkl, and p-Chk2. The phosphorylation increased fi-om 
4h and peaked up maximvrai at 8 h. However, after 8h it decreased. These results 
showed that Pb mainly induced double strand breakage (DSBs) and also arrest the 
THP-1 cells at GO-Gl phase of the cell cycle. We fiirther analyzed the activation of 
different mitogen activated protein kinases (MAPKs) like ERKl/2, p38 and JNK in 
THP-1 monocytes after lead exposure. These MAPKS not only get activated after 
DNA damage as a response but plays a significant role in cell proliferation, 
proinflammatory cytokine production and cell death also. Our results showed 
maximum induction of ERKl/2 at 2h and thereafter it was found to decrease. 
Similarly p38 also showed maximum phosphorylation between l-2h and thereafter 
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decreased. JNK phosphorylation was also observed maximum at Ih and then it 
decreased. In addition to this we studied the activation status of different 
transcription factors that get activated during DNA damage i.e. p53, p21, c-jun and 
ATF-2. Pb (100 |xM) treatment increased the phosphorylation of p53 at serl5 in the 
nuclear fraction. p21 protein was hardly detectable in the nuclear fraction of 
imtreated THP-1 cells, but increased in cytoplasmic fraction. Similarly Pb increased 
the phosphorylation of c-Jun. A very similar pattern of expression was detected with 
ATF-2 and p-ATF-2. Based on the results of the study it was concluded that Pb 
induces cytotoxicity, oxidative stress via GSH depletion and ROS formation that led 
to DNA damage as well as activation of the DNA damage sensing pathway ATM-
p53-H2A.X. 
In Chapter-2, detailed studies related to proinflammatory cytokines responses to Pb 
exposure in vitro have been described. The evaliiation of cytokine production is 
among the more recent endpoints utilized to evalviate Pb-induced immunotoxicity. 
Earlier studies identified the fact that Pb exposure could predispose animals for a 
dramatically increased sensitivity to bacterially derived endotoxin. It is now known 
that increased sensitivity to endotoxin is linked to the capacity of Pb to increase 
production of various proinflammatory cytokines mainly tumor necrosis factor-alpha 
(TNF-a) among macrophages in mouse, rat, rabbit, and humans. All these studies on 
Pb immimotoxicity had shown induction of TNF-a from macrophages, however, 
none of them had provided any information regarding the molecular mechanism(s) 
responsible for the elevated production of TNF-a. The chapter 2 of the current thesis 
provides some molecular clues regarding the probable mechanism involved in 
elevated TNF-a production from human phagocytic cells like macrophages and 
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monocytes after Pb exposure. The chapter elucidates the mechanistic aspect of TNF-
a induction, mainly focusing transcriptional and post transcriptional regulation via 
mitogen activated protein kinases (MAPKs) activation. We observed that exposure 
of Pb for 24h to THP-1 monocytes resulted in significantly enhanced production of 
TNF-a, IL-lp and IL-6 m-RNA expression levels. Further analysis of time course of 
TNF-a m-RNA induction in Pb exposed monocytes indicated that exposure period 
range 3-6hr was enough to get a maximal increase, whereas 12hr exposure showed 
less decrease, however, longer exposure periods (>12hr) diminished upregulation. 
Further, we analyzed the dose-response of TNF-a m-RNA upregulation and 
observed that dose of 10 to 100 p,M increased TNF-a m-RNA level in a 
concentration dependent manner. On the contrary, low doses of Pb (less than 10 p,M) 
showed no significant effect on TNF-a m-RNA level. Similar observations were 
made when we assayed the TNF-a protein levels by ELIS A. We fiirther analyzed the 
possible signaling mechanism that could be involved in Pb mediated TNF-a 
regulation. For this, we studied the activation of the three major types of MAPKs i.e. 
ERKl/2, p38 and JNK. Primarily it was found that Pb constituently activated the 
ERKl/2 pathway in THP-1 cells. As evident fi-om the western blotting experiments, 
Pb clearly enhanced ERKl/2 phosphorylation highest at 120 min. The 
phosphorylation pattem clearly indicated a gradual increase in phosphorylation over 
the time up to 120 min, however, the phosphorylation decreased thereafter i.e. 240 
min. The exposure to Pb modified the levels of total JNK, but a slight increase in 
phosporylated form of JNK at 30 min, which was abolished with increase in time 
period. To fiirther determine the role of ERKl/2 and p38 phosphorylation in Pb 
mediated upregulation of TNF-a m-RNA levels, we investigated the effects of 
MARK inhibitors namely PD-98059 for ERKl/2 and SB-203580 for p38 on TNF-a 
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m-RNA production by RT-PCR. The inhibition of ERKl/2 phosphorylation by 
applying PD-98059 (25nM) in Pb- treated monocytes clearly inhibited the 
upregulation of TNF-a m-RNA. Moreover, very less or non significant inhibition of 
TNF-a m-RNA was also observed in presence of SB-203580 (20p,M). In order to 
specify RT-PCR results, we performed Northern blot analysis, which showed 
significant inhibition of TNF-a m-RNA in presence of ERKl/2 inhibitor (PD 
98059), however, p38 inhibitor showed less effect. We further analyzed the 
combinatorial effect of both MAPK inhibitors on TNF-a m-RNA level; which 
showed nearly complete attenuation of TNF-a m-RNA level. Next we were 
interested to find out whether the MAPKS inhibition mediated reduction on TNF-a 
m-RNA at either nascent m-RNA transcript production level or at the m-RNA 
stability level, therefore we performed TNF-a m-RNA stability assay at different 
time periods i.e. 60, 120 and 240 mins by utilizing Ribonuclease Protection Assay. 
Pb alone or Pb + MAPK inhibitors in presence of Actinomycin D (a transcription 
inhibitor), suppressed TNF-a m-RNA expression at each time interval, resulting in a 
TNF-a m-RNA half life of 49 mins. The presence of Pb increased TNF-a m-RNA 
stability, resulting in TNF-a m-RNA half Ufe upto 240 min. We foimd that when 
ERKl/2 inhibitor PD 98059 (25^M) was co-incubated with Actinomycin D and 
without Pb treatment, m-RNA half life decreased fi-om 49 to 15 min. These results 
demonstrated that ERKl/2 is required to stabilize TNF-a m-RNA in non Pb treated 
cells. Similarly, Pb mediated TNF-a m-RNA half life (upto 240 min) was also 
reduced to 27 min in presence of ERKl/2 inhibitor. Moreover, when we compared 
the percentage of remaining TNF-a m-RNA both in absence and presence of 
ERKl/2 inhibitor, we observed clear involvement of ERKl/2 in Pb induced TNF-a 
m-RNA stability. Similarly, we employed SB203580 (20^M) to investigate whether 
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p38 pathway is involved in Pb induced TNF-a m-RNA stabilization. Actinomycin D 
treatment resulted in a TNF-a m-RNA half life of 49 min. When the inhibitor was 
co-incubated with Actinomycin D and without Pb treatment, TNF-a m-RNA half 
life was reduced to 36 min. These results indicated that p38 activation could also be 
involved in stabilizing the TNF-a m-RNA. Pb (SOtiM) increased the TNF-a m-RNA 
half life upto 240 min. This increased half life was reduced to 62 min in presence of 
SB 203580. The above results clearly suggested that Pb induced TNF-a m-RNA 
stabilization was significantly regulated by both ERKl/2 and p38. However, 
ERKl/2 possibly acted primarily to stabilize the TNF-a m-RNA. Briefly, these 
observations are useful in understanding some mechanistic aspects of 
proinflammatory nature and immunotoxicity of Pb. 
The chapter-3 contains data on cytokine responses to in-vitro exposure of Pb in 
THP-lin correlation with cellular death process have been detailed. It is quite well 
known that TNFa is a pleiotropic cytokine which is produced predominantly by 
activated monocytes, macrophages and lymphocytes after Pb exposure and plays a 
central role in inflammation. TNFa is capable of triggering multiple signalling 
pathways to regulate various physiological and pathological cellular processes like 
cell proliferation, cytokines induction and cell death. One important biological 
function of TNFa is to induce apoptosis by the extrinsic pathway. On the other hand, 
TNFa has also been demonstrated to trigger programmed necrosis, or necroptosis, in 
a number of cell types. In the previous chapter-2 of the thesis we showed induction 
of TNF-a from THP-1 monocytes after Pb exposure and also showed the underlying 
molecular mechanism. In the current chapter-3 we demonstrate involvement of 
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TNF-a in cell death observed in THP-1 monocytes after Pb exposure. Firstly to 
identify the type of cell death in THP-1 cells after Pb exposure we exposed THP-1 
cells to increasing concentrations of Pb (10-100 \xm) for different time points i.e. 24 
and 48 h and cell death was analyzed by Anexxin/PI staining assay. We observed 
significantly (p < 0.05) increased cell death at 48h at all exposure concentrations of 
Pb when compared to controls. Non significant cell death was observed at 24h also. 
Pb exposure resulted in increase of Ql population of Anexxin v/PI assay graph, 
which represents necrotic cell death in THP-1 monocytes at higher doses i.e. 50 p,m 
(17.2% necrosis) and 100 ^m (47.5%). However, at lower doses of Pb we found 
increased Q2 population, indicative of late apoptosis i.e. 10 |j,m (9.6%) and 25 |Lim 
(19.0%) in Anexxin v/PI assay graph. Transmission Electron Microscopic (TEM) 
analysis of Pb exposed THP-1 monocytes also confirmed that Pb induced mainly 
necrosis at higher doses, however, at lower doses i.e. 10-50 |Am mixed features of 
both apoptosis and necrosis were observed. These results clearly showed that Pb is 
able to induce both late apoptotic and necrotic cells. As late apoptotic cells are 
synonyms to necrotic cells, therefore it may be stated that Pb majorly increases 
necrotic type cell death in THP-1 human monocytes. Recent literature had shown 
that necrosis can also be programmed. To confirm such a possibility in our 
experiments we pretreated the cells with well known programmed necrosis or 
necroptosis inhibitor Necrostatin-1 (Nec-1). Nec-1 pretreatment results in significant 
(p < 0.05) reduction of necrosis at both the doses used i.e. 15.8% at 25 ^m and 9.3% 
at 50 |j,m respectively when compared with Pb treated (47.5%). To confirm fiirther 
that Pb induces programmed necrosis we checked the expression of both RIPl and 
RIP3 which are well known molecular markers of programmed necrosis or 
necroptosis. Pb significanlty (p < 0.05) induces the expression of both RIPl and 
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RIPS in a concentration dependent manner. RIP3 expression was found to be 
increased more by higher concentrations i.e. 50 and 100 |j,m. These results further 
confirmed programmed necrosis in THP-1 monocytes after Pb exposure. In chapter I 
we showed that ROS is produced in higher magnitude by THP-1 monocytes and is 
involved actively in cyto-genotoxicity. We therefore pretreated the cells with 
antioxidant butylated hydroxy anisole (BHA) and observed significant reduction (p 
< 0.05) in necrosis. This fiirther confirms positive role of ROS in cell death. In 
previous chapter II we showed enhanced production of TNF-a that is regulated via 
ERKl/2 and p38. Owing the pleiotropic nature of TNF-a and its role in executing 
programmed necrosis we pretreated the THP-1 monocytes with either anti TNF-a 
antibody or with neutralizing TNFRl antibody. Pretreatment resulted in significant 
(p < 0.05) reduction in necrosis i.e. 3.6% in presence of anti TNF-a antibody and 
2.9% in presence of neutralizing TNFRl antibody. These results provided the theme 
that Pb exposure induces programmed necrosis in THP-1 monocytes via TNF-
a/TNFRl pathway. Moreover similar results were observed when we pretreated the 
cells with ERKl/2 inhibitor (PD 98059) and p38 inhibitor (SB 203580) which was 
known to increase the TNF-a production in THP-1 monocytes (chapter II). Results 
showed that programmed necrosis actively involves mitochondria as evident fi"om 
the results of mitochondrial transmembrane potential assay which showed 
significant reduction in mitochondrial transmembrane potential (MTP) in THP-1 
monocytes after Pb exposure as assessed by flow cytometry using JC-1 membrane 
probe. Previous literature had showed association of various proteins like TRAF2, 
TRAF5, TRADD, FADD, PARP to the death receptor complex I and II which 
contains TNFRl, TNFR2, Fas, DR4 and DR5 in TNF-a mediated necrosis. We 
therefore attempted to check the expression pattern of these proteins in THP-1 
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monocytes exposed to Pb for 48h. Only TNFR2, TRADD and PARP showed higher 
expression in Pb exposed THP-1 monocytes. These results further pointed towards 
small but coordinated role of death receptor complex in programmed necrosis induce 
by Pb in THP-1 monocytes. During the TEM observations of Pb exposed THP-1 
monocytes we found autophagic vacuole formation which suggested provocation of 
autophagy in THP-1 monocytes after Pb exposure. To confirm autophagy we 
performed molecular assay for the expression of well known marker of autophagy, 
LC3 I/II. Western blotting results showed both time dependent and concentration 
dependent increase in LC3 I/II expression in THP-1 monocytes in presence of Pb. 
Generally autophagy is known to be a protective mechanism activated by cells in 
response to various stimuli like toxic insult, starvation, environmental toxicant 
exposures etc. However, some recent observations had suggested that autophagy if 
persistent or in higher magnitude might result in cell death. To identify what role 
autophagy is playing in Pb exposed THP-1 cells, we pretreated the cells with 3 
methyl adenine (3MA), a well known inhibitor of autophagy and observed 
significant (p < 0.05) reduction in necrosis of THP-1 monocytes i.e. 12.7% in 
comparision to Pb treated (47.5%). These results showed that enhanced autophagy 
committed the cells for programmed necrosis. We were also interested to find out 
the executioner proteins for programmed necrosis in THP-1 monocytes. Our results 
showed positive role of cathepsins in place of caspases (no significant upregulation 
at any doses was observed). The involvement of cathepsins was further proven as we 
observed significant induction in lysosomal damage via confocal microscopy and 
also pretreatment of cathepsin inhibitor CA-074Me significantly (p < 0.05) 
decreased the necrosis in THP-1 monocytes. Over all the results of Chapter-3 
showed that Pb induces programmed necrosis (necroptosis), which is mediated 
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through TNF-a/TNFRl axis and involves mitochondria, autophagy and lysosomes 
machinery for executing programmed necrosis. 
Briefly, the research outcome of the thesis related to basic as well as futuristic 
applied values. Some of the present data as well as base line data has akeady been 
published in peer reviewed journals as listed in publication section. 
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Lead (Pb) 
Lead is a heavy, low melting, bluish-gray metal that occurs naturally in the earth's 
crust. However, it is rarely found naturally as a metal. It is usually found combined 
with two or more other elements to form lead compounds. 
(a) Chemical Identity 
Lead is a naturally occurring element and is a member of group 14 (IVA) of the 
periodic table. Natural lead is a mixture of four stable isotopes, °^^ Pb (51-53%), 
^°H (23.5- -27%), ^°'Pb (20.5-23%), and °^^ Pb (1.35-1.5%). Lead isotopes are the 
stable decay product of three naturally radioactive elements: 206Pb from uraiuum, 
207Pb from actinium, and 208Pb from thorium. Lead is not a particularly abundant 
element, but its ore deposits are readily accessible and widely distributed throughout 
the world. Its properties, such as corrosion resistance, density, and low melting point 
make it a familiar metal in pipes, solder, weights, and storage batteries. 
(b) Physical and Chemical Properties 
Lead exists in three oxidation states: Pb(0), the metal; Pb(II); and Pb(IV). In the 
enviromnent, lead primarily exists as Pb (II) and Pb (IV) is formed only under 
exfreme oxidizing conditions. The inorganic Pb (IV) compounds are not found under 
ordinary environmental conditions, however, organo-lead (II) compoimds are known 
and organolead chemistry is dominated by the tetravalent (+4) oxidation state. 
Metallic lead, Pb (0) exists in nature, but its occurrence is rare. Lead's extensive use 
is largely due to its low melting point and excellent corrosion resistance in the 
environment. When exposed to air and water, films of lead sulfate, lead oxides, and 
lead carbonates are formed; these films act as a protective barrier that slows or halts 
corrosion of the underlying metal. Lead is amphoteric, forming plimibous and 
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plumbic salts in acid and plumbites and plumbates in alkali. Lead is positioned 
slightly above hydrogen in the electromotive series and therefore should 
theoretically replace hydrogen in acids. However, the potential difference is small 
and the high hydrogen overvoltage prevents replacement. 
Industrial uses of lead 
Metallic lead is resistant to corrosion (i.e., not easily attacked by air or water) and 
when exposed to air or water, thin fihns of its compounds are formed that protect the 
metal from further attack. Lead is easily molded and shaped and can be combined 
with other metals to form alloys. Lead and its alloys are commonly fovmd in pipes, 
storage batteries, weights, shot and ammunition, cable covers, and sheets used to 
shield us from radiation. The largest use of lead is in storage batteries in cars and 
other vehicles. Lead compounds are used as a pigment in paints, dyes, and ceramic 
glazes and in caulk. The amount of lead used in these products has been reduced in 
recent years to minimize lead's harmful effect on humans and animals. Tefraethyl 
lead and tetramethyl lead were once used through out the world as gasoline additives 
to increase octane rating. However, their use was phased out in the 1980s, and lead 
was banned for use in gasoline for motor vehicles beginning January 1, 1996 almost 
all around the world. Tetraethyl lead may still be used in gasoline for off-road 
vehicles and airplanes. It is also still used in a number of developing countries like 
India. Lead used in ammunition, which is the largest non-battery end-use, has 
remained fairly constant in recent years. However, even the use of lead in bullets and 
shot as well as in fishing sinkers is being reduced because of its harmful effect on the 
environment. 
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Production and Consumption of lead in India 
Lead production equalled approximatdy 82,000 tn in 2004, mostly from secondary 
sources. However, the main constraint in lead production in the country is lack of 
lead ore reserves, which necessitates laige scale imports and recycling. The coimtry's 
extractable lead and zinc reserves are estimated at 390 Mt of ore grading at 8.2% 
zinc and 2.2% lead. Domestic demand for lead is close to 170,000 tn/y. The total 
primary smelting capacity in the country is 89,000 t/y, consisting of 65,000 tn/y 
Hidustan Zmc Limited (HZL) and 24,000 tn/y (hidian Lead Ltd). HZL's smelters are 
located at Chanderiya in Rajasthan (capacity: 35,000 tn/y), Visakhapatnam in 
Andhra Pradesh (22,000 tn/y) and Tundoo in Bihar (8,000 tn/y). The Tundoo 
smelter, which also produces silver, has been faring very poorly, and has been 
closed. The smelter at Visakhapatnam has also been closed for some time as a result 
of environmental concerns by the Andhra Pradesh Government. Visakhatapatnam 
was a loss-making xmit and the costs of installing environment-friendly equipment 
would be prohibitive. HZL is in the midst of raising its annual lead-smelting capacity 
by 50,000 tn. 
Dispersion of lead in the environment 
Lead is dispersed throughout the environment primarily as the result of 
anthropogenic activities. In the air, lead is in the form of particles and is removed by 
rain or gravitational settling. The solubility of lead compounds in water is a ftmction 
of pH, hardness, salinity, and the presence of humus material. Solubility is highest in 
soft, acidic water. The sink for lead is the soil and sediment. Because it is strongly 
adsorbed to soil, it generally is retained in the upper layers of soil and does not leach 
appreciably into the subsoil and groundwater. Lead compounds may be transformed 
in the environment to other lead compounds; however, lead is an element and cannot 
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be destroyed. Anthropogenic sources of lead include the mining and smelting of ore, 
manufacture of lead-containing products, combustion of coal and oil, and waste 
incineration. Many anthropogenic sources of lead, most notably leaded gasoline, 
lead-based paint, lead solder in food cans, lead-arsenate pesticides, and shot and 
sinkers, have been eliminated or strictly regulated due to lead's persistence and 
toxicity. Because lead does not degrade, these former uses leave their legacy as 
higher concentrations of lead in ttie environment. The general population may be 
exposed to lead in ambient air, foods, drinking water, soil, and dust. Segments of the 
general population at highest risk of health effects from lead exposure are preschool-
age children and pregnant women and their foetuses. Within these groups, 
relationships have been established between lead exposure and adverse health 
effects. Other segments of the general population at high risk include individuals 
living near sites where lead was produced or disposed. Human exposure to lead 
above baseline levels is common. Baseline refers to the naturally-occurring level of 
lead in soil or dust that is not due to the influence of humans. Some of the more 
important lead exposures have occurred as a result of living in urban environments, 
particularly in areas near stationary emission sources (e.g., smelters); consumption of 
produce from family gardens; renovation of homes containing lead-based paint; pica 
(an abnormal eating habit in children); contact with iaterior lead paint dust; 
occupational exposure; secondary occupational exposure (e.g., families of workers 
using lead); smoking; and wine consumption. Higher than normal exposures may 
also occur to residents living in close proximity to NFL sites that contain elevated 
levels of lead. The highest and most prolonged lead exposures are found among 
workers in the lead smelting, refining, and manufacturing industries. 
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Potential Health Hazards of Lead 
The effects of lead are generally the same whether it enters the body through 
breathing or swallowing. The main target for lead toxicity is the nervous system, 
both in adults and children. Long-term exposure of adults to lead at work places has 
resulted in decreased performance in some tests that measure functions of the 
nervous system. Lead exposure may also cause weakness in fingers, wrists, or 
ankles. Lead exposure also causes small increases in blood pressure, particularly in 
middle-aged and older people. Lead exposure may also cause anaemia. At high 
levels of exposure, lead can severely damage the brain and kidneys in adults or 
children and ultimately cause death. In pregnant women, high levels of exposure to 
lead may cause miscarriage. High level exposure in men can damage the organs 
responsible for sperm production. We have no conclusive proof that lead causes 
cancer (is carcinogenic) in humans. Kidney tumors have developed in rats and mice 
that had been given large doses of some kind of lead compounds. The International 
Agency for Research on Cancer (lARC) 2006 has determined that inorganic lead is 
probably carcinogenic to humans and categorized in as 2A level of carcinogen list. 
Nerve damage 
Skin damage: 
•Hyperkeratosis 
(scaling skir^ ) 
•Pigment changes 
increased cancer risk: 
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I Kidney and liver 
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Circulatory 
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other health and 
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Figure i. Toxic Effect of Lead on Biological Systems in Human. 
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Effect of lead on Neurological System 
(a) Effects in Adults 
The most severe neurological effect of lead in adults is lead encephalopathy, which 
is a general term to describe various diseases that affect brain function. Early 
symptoms that may develop within weeks of initial exposure include dullness, 
irritability, poor attention span, headache, mxiscular tremor, loss of memory, and 
hallucinations. The condition may then worsen, sometimes abruptly, to delirium, 
convulsions, paralysis, coma, and death (Kumar et al. 1987). Histopathological 
findings in fatal cases of lead encephalopathy in adults are similar to those in 
children. Severe lead encephalopathy is generally not observed in adults except at 
extremely high PbBs (e.g., 460 ^g/dL [Kehoe 1961]). Other data (Smith et al. 1938) 
suggest that acute lead poisoning, including severe gastrointestinal symptoms and/or 
signs of encephalopathy, can occur in some adults at PbBs that range from 
approximately 50 to >300 |ig/dL, but the data are somewhat ambiguous. 
(b) Effects in Children 
High-level exposure to lead produces encephalopathy in children. The most 
extensive compilation of dose-response information on a pediatric population is the 
summarization by the National Academy of Sciences (1972) of unpubhshed data 
from the patient popiilations reported in Chisolm (1962, 1965) and Chisolm and 
Harrison (1956). This compilation relates the occurrence of acute encephalopathy 
and death in children in Baltimore, Maryland, associated with PbBs determined by 
the Baltimore City Health Department between 1930 and 1970. Other signs of acute 
lead poisoning and blood lead levels formerly regarded as asymptomatic were also 
summarized. An absence of signs or symptoms was observed in some children at 
PbB of 60-300 |Ag/dL (mean, 105 ng/dL). Acute lead poisoning symptoms other than 
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signs of encephalopathy were observed at PbB of approximately 60-450 )j,g/dL 
(mean, 178 |xg/dL). Signs of encephalopathy such as hyperirritability, ataxia, 
convulsions, stupor, and coma were associated with PbB of approximately 90-800 
\ig/6L (mean, 330 i^g/dL). The distribution of PbBs associated wilh death (mean, 327 
|xg/dL) was virtually the same as for levels associated with encephalopathy. 
Effect of Lead on Respiratory System 
Very limited information was located regarding respiratory effects in humans 
associated with lead exposure. A study of 62 male lead workers in Turkey reported 
significant alterations in tests of pubnonary function among the workers compared to 
control subjects (Bagci et al. 2004), The cohort consisted of 22 battery workers, 40 
exhaust workers, and 24 hospital workers with current PbB of 37, 27, and 15 |xg/dL, 
respectively. Workers and controls were matched for age, height, weight, and 
smoking habit. No association was found between PbB and duration of employment. 
No information was provided regarding exposure levels, medical histories of the 
workers or potential exposure to other chemicals. No relevant information was 
located from studies in animals. 
Effect of Lead on Cardiovascular System 
Although lead has been shown to produce various cardiovascular effects in animals 
(Vaziri and Sica 2004), end points of greatest concem for humans at low exposures 
and low PbBs are elevations in systemic blood pressure and decrements in 
glomerular filtration rate. These effects may be mechanistically related and, 
furthermore, can be confounders and covariables in epidemiological studies. 
Decrements in glomerular filtration rate may contribute to elevations in blood 
pressure, and elevated blood pressure may predispose people to glomerular disease. 
Effects of lead on glomerular filtration are discussed in Section 3.2.2, Renal Effects. 
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Other cardiovascular changes have been noted in association with increasing lead 
body burdens and/or lead exposures in humans that include changes in cardiac 
conduction and rhythm (Bdckelmanii et al. 2002; Cheng et al. 1998; Kirkby and 
Gyntelberg 1985; Kosmlder and Petelenz 1962), which may be secondary to lead-
induced impairment of peripheral nerve 
Effects on Lead on Blood Pressure 
Numerous epidemiological studies have examined associations between lead 
exposure (as indicated by PbB or bone lead concentration) and blood pressure. Meta-
analyses of the epidemiological findings have found a persistent trend in the data that 
supports a relatively weak, but significant association. Quantitatively, this 
association amounts to an increase in systolic blood pressure of approximately 1 
mmHg with each doubling of PbB (Nawrot et al. 2002; Schwartz 1995; Staessen 
et al. 1994). The results of more recent epidemiology studies indicate that the lead 
contribution to elevated blood pressure is more pronounced in middle age than at 
younger ages. Numerous covariables and confoimders affect studies of associations 
between PbB and blood pressure, including age, body mass, race, smoking, alcohol 
consumption, ongoing or family history of cardiovascular/renal disease, and various 
dietary factors (e.g., dietary calcium). Including confounders in a regression model 
will attenuate the apparent association between lead exposure and the measured 
health outcome 
Effect of lead on Gastrointestinal System 
Colic is a consistent early symptom of lead poisoning in occupationally exposed 
cases or in individuals acutely exposed to high levels of lead, such as occurs during 
the removal of lead-based paint. Colic is characterized by a combination of the 
following symptoms: abdominal pain, constipation, cramps, nausea, vomiting. 
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anorexia, and weight loss. Although gastrointestinal symptoms typically occiir at 
PbBs of 100-200 ng/dL, they have sometimes been noted ui workers whose PbBs 
were between 40 and 60 i^g/dL (Awad El Karim et al. 1986; Baker et al. 1979; 
Haenninen et al. 1979; Holness and Netbercott 1988; Kumar et al. 1987; Marino 
et al. 1989; Matte et al. 1989; Pagliuca et al. 1990; PoUock and Ibels 1986; 
Rosenman et al. 2003; Schneitzer et aL 1990). Colic is also a symptom of lead 
poisoning in children. EPA (1986a) has identified a LOAEL of approximately 60-
100 i^g/dL for children. This value apparently is based on a National Academy of 
Sciences (NAS 1972) compilation of unpubUshed data from the patient groups 
originally discussed in Chisolm (1962,1965) and Chisolm and Harrison (1956) in 
which other signs of acute lead poisoning, such as severe constipation, anorexia, and 
intermittent vomiting, occurred at >60 jig/dL. 
Effect of Lead on Haematological System 
Lead has long been known to alter the hematological system. The anemia induced by 
lead is microcytic and hypochromic and results primarily from both inhibition of 
heme synthesis and shortening of the erythrocyte lifespan. Lead interferes with heme 
synthesis by altering the activities of 5-aminolevulinic acid dehydratase (ALAD) and 
ferrochelatase. As a consequence of these changes, heme biosynthesis is decreased 
and the activity of the rate-limiting enzyme of the pathway, 6-aminolevulinic 
synthetase (ALAS), which is feedback inhibited by heme, is subsequently increased. 
The end results of these changes in enzyme activities are increased urinary 
porphyrins, coproporphyrin, and 8-aminolevulinic acid (ALA); increased blood and 
plasma ALA; and increased erythrocyte protoporphyrin (EP). Studies of lead 
workers have shown that ALAD activity correlated inversely with PbB (Alessio et 
al. 1976; Gurer-Orhan et al. 2004; Hemberg et al. 1970; Meredith et al. 1978; 
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Schuhmacher et al. 1997; Tola et al. 1973; Wada et al. 1973), as has been seen in 
subjects with no occupational exposure (Secchi et al. 1974). Erythrocyte ALAD and 
hepatic ALAD activities were correlated directly with each other and correlated 
inversely with PbBs in the range of 12-56 ng/dL (Secchi et al. 1974). General 
population studies indicate that the activity of ALAD is mhibited at very low PbB, 
with no threshold yet apparent. ALAD activity was inversely correlated with PbB 
over the entire range of 3- 34 ng/dL in urban subjects never exposed occupationally 
(Hemberg and Nikkanen 1970). Other reports have confirmed the correlation and 
apparent lack of threshold in different age groups and exposure categories (Chisolm 
et aL 1985; Roels and Lauwerys 1987; adults-Roels et al. 1976). Studies of 
children in India and China also have reported significant decreases in ALAD 
activity associated withPbB >10 ng/dL (Ahamed et al. 2005; Jin et al. 2006). 
Effect of lead on Hepatic System 
In children, exposure to lead has beoi shown to inhibit formation of the heme-
containing protein cytochrome P-450, as reflected in decreased activity of hepatic 
mixed-function oxygenases. The association between lead exposure and serum lipid 
profile was examined in a study of Israeli workers (Kristal-Boneh et aL 1999). The 
mean PbB of the 87 workers was 42.3 jig/dL and that of 56 control subjects was 2.7 
[ig/dL. After adjusting for confounders including nutritional variables, the authors 
found statistically higher values for total cholesterol (212 vs. 200 mg/dL) and HDL 
cholesterol (47 vs. 42 mg/dL) in the workers compared to controls; no significant 
differences were seen for LDL cholesterol and triglycerides. These findings are of 
dubious biological significance, particularly since the HDL/total cholesterol ratio 
was the same in the two groups. A study of workers in the United Arab Emirates 
reported that a group of 100 workers with a mean PbB of 78 )ig/dL had significantly 
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higher concentrations of amino acids in serum than 100 controls whose mean PbB 
was 20 fig/dL (Al-Neamy et al. 2001). Tests for liver function that included serum 
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities 
found small (<10%) but statistically significant increases in alkaline phosphatase and 
lactate dehydrogenase activities in the serum of the workers. A study in rats treated 
with lead acetate for 4 months found decreased AST and ALT activities in hepatic 
homogenates, but activities in serum were not monitored (Singh et aL 1994). 
Collectively, the information regarding effects of lead on the liver in hiraians and 
animals is scarce and does not allow for generalizations. 
Effect of Lead on Renal System 
Lead nephrotoxicity is characterized by proximal tubular nephropathy, glomerular 
sclerosis and interstitial fibrosis (Diamond 2005; Goyer 1989; Logliman-Adham 
1997). Functional deficits in himians that have been associated with excessive lead 
exposure include enzymuria, low- and high-molecular weight proteinuria, impaired 
transport of organic anions and glucose, and depressed glomerular filtration rate. 
Effect of Lead on Endocrine System 
Occupational studies provide evidence for an association between high exposures to 
lead and changes in thyroid, pituitary, and testicular hormones. There are a number 
of inconsistencies in the available findings that are related in part to small sample 
sizes, possible confounding effects by age,tobacco use, and other factors, responses 
that remained within reference limits, and differences in laboratory methods of 
hormonal evaluation. Changes in circulating levels of thyroid hormones, particularly 
serum thyroxine (T4) and thyroid stimulating hormone (TSH), generally occurred in 
workers having mean PbB >40-60 p,g/dL. Altered serum levels of reproductive 
hormones, particularly follicle stimulating hormone (FSH), luteinizing hormone 
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(LH), and testosterone, have been observed at PbB >30- 40 p,g/dL. Some data, 
mainly results of tests of hormonal stimulation tests, suggest that the changes in 
thyroid and testicular hormones are secondary to effects of lead on pituitary function. 
Other Systemic Effects 
Lead interferes with the conversion of vitamin D to its hormonal form, 1,25-
dihydroxyvitamin D. This conversion takes place via hydroxylation to 25-
hydroxyvitamin D in the liver followed by 1-hydroxylation in the mitochondria of 
the renal tubule by a complex cytochrome P-450 system (Mahaffey et al. 1982; 
Rosen and Chesney 1983). Evidence for this effect comes primarily from studies of 
children with high lead exposure. 
Interaction of Lead with Inunune System 
Numerous studies have examined the effects of lead exposure on immimological 
parameters in lead workers and a smaller number of studies provides information on 
effects in members of the general population, including children. The results 
although mixed, give some indication that lead may have an effect on the cellular 
component of the immune system, while the humoral component is relatively 
unaffected. However, it should be noted that the clinical significance of these 
relationships are as yet unknown. Lead preferentially targets two cells i.e. 
macrophages and T lymphocytes, although other immune cells like B lymphocytes 
and neutrophils are also known to be significant target of lead (ATSDR 2007). 
Myelomonocytic cellular system consist of three major cell types namely monocytes, 
macrophages and dendritic cells. Much of the previous work on lead toxicity had 
been mainly focused on macrophages, however very little scientific data on the 
effect of lead on monocytes is available till date. This is quite an important scenario 
as monocytes are the major reservoir cells that upon proper stimulation propagate 
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and differentiate to give rise to macrophages which plays an important role in 
generating proper immune response against various stimulators of immune system 
like bacteria, viruses, environmental toxicants etc. So the study on the effect of lead 
toxicity on monocytes bears great importance. 
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The Immune System and Lead Toxicity 
Cellular elements of the immune system comprise of lymphocytes, macrophages, 
monocytes, eosinophils, neutrophils, basophils, mast cells, and dendritic cells. Most 
of these cell types do not reside permanently at any particular anatomical location. 
Rather, they recirculate via the blood and, in the case of lymphocytes, via the 
lymphatic circulation. Even the most sessile of these cells, the dendritic cells and 
macrophages, can be induced to migrate to sites of inflammation or to regional 
lymph nodes to function as antigen presaiting cells. In addition to routine 
recirculation of immune system cells in their 'patrol' function, most cells of the 
immune system can be attracted to sites of infection or inflammation and accumulate 
there to participate in events that lead to the elimination or isolation of microbes and 
to tissue repair (Baggiolini., 1998; Guo et aL, 2002; Mather S., 1996). Thus, the 
immune system is inherently dynamic. In addition to the dynamics of cellular 
trafficking and anatomical distribution, cellular population size is dynamic and 
carefiiUy regulated. The life span of most cell types in the immune system is 
relatively brief, so these cells must constantly be replaced in a controlled manner 
(Goldrath., 2002). Cellular proliferation and differentiation in the bone marrow 
compensates for the loss of cells caused by senescence or by apoptosis, which acts to 
eliminate potentially auto-reactive lymphocytes and to prevent excessive cellular 
proliferation during immune responses (Grillot et aL, 1996; park et al., 1996). The 
immune system is also dynanaic with regard to interactions between the different cell 
types that comprise it and with regard to interactions between the immune system 
and other systems. Immunity to microbes or tumor cells is typically categorized as 
innate or acquired. Innate immunity is generally non-specific, requires little or no 
induction period, and does not respond more quickly or more vigorously upon the 
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second encounter with a particular microbe (i.e. it does not exhibit a memory 
response). It is mediated mostly by neutrophils, eosinophils, basophils, 
macrophages, and natural killer cells (which are mostly large granular lymphocytes). 
These cells work by direct anti-microbial action, by killing virus-infected cells or 
tumor cells, and by secreting cytokines, which orchestrate inflammation and other 
defense mechanisms. Acquired immunity is specific, requires an induction period, 
and exhibits a memory response upon subsequent encounters with the initiating 
microbe or substance. Acquired immxmity requires interactions between three 
different cells types (antigen presenting cell, Th cells, and B cells or Tc cells) and 
involves several cytokines. Acquired immune responses can be categorized as cell-
mediated or humoral. The major effector cells in cell-mediated responses are Thl 
cells, which produce cytokines that activate macrophages for increased microbicidal 
activity, and Tc cells which produce cytokines and are directly cytotoxic to cells 
infected with viruses or other intracellular parasites. 
The major effector cells in the humoral response are B lymphocytes, which are 
stimulated to mature into antibody-secreting plasma cells. This maturation process 
requires primarily Th2 cells, but some contribution of Thl cells is also needed. The 
relative amount of Thl cytokines (e.g. IFN-g, IL-2, TNF-a) and Th2 cytokines (e.g. 
IL-4, IL-5, IL-10) strongly influence B cell maturation in terms of the magnitude of 
the response and in terms of the immunoglobulin isotype that the mature plasma cell 
will eventually secrete. Thus, Thl/Th2 balance has become a popular concept, and a 
response in which Thl cells are prevalent favors the IgG2a isotype in the mouse, 
whereas a predominant Th2 response favors IgGl, IgA, or IgE (Mosmann and Sad 
1996). The innate and acquired immune systems interact at several points. Cytokines 
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induced by microbes as part of the innate response and microbial components per se 
can activate the most effective antigen presenting cells, dendritic cells (Kadowaki et 
al 2001). Some of these cytokines can also influence the predominance of Thl or 
Th2 cells (Schnare et al 2001), which determine if the response will be primarily 
cell mediated or primarily antibody-mediated. Although the immune system has a 
number of redundant components and mechanisms and can tolerate considerable 
suppression or alteration of some parameters without substantial changes in host 
resistance (Keil et al 2001), it has been argued that significant changes in major 
iimnimological functions would lead to decreased resistance to some pathogen under 
some circumstance. 
The immune system appears to be one of the more sensitive systems to the toxic 
effects of lead. Early studies focused on the capacity of lead to induce 
immunosuppresion and reduce host resistance to infectious diseases (reviewed in 
U.S. EPA, 1986). However, a significant number of studies conducted during the 
past decade have provided a much clearer understanding of the immune-associated 
problems that can arise from problematic exposure to lead. Studies across humans 
and a variety of animal models are in general agreement concerning both the nature 
of the immunotoxicity induced by lead and the exposure conditions that are required 
to produce immvmomodulation. Figure ii summarizes the basic immunotoxic 
changes induced by lead that result in Th skewing, impaired macrophage function, 
and increased risk of inflammation-associated tissue damage. 
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Figure ii: Impact of Lead Toxicity on Immune System. 
Lead is unlike many immunotoxicants in that at low to moderate levels of exposure 
it does not produce overt cellular cyto-toxicity or lymphoid organ pathology. 
However, it can induce profoxmd functional alterations that influence risk of disease. 
Lead preferentially targets macrophages and T lymphocytes, although effects have 
been reported in B cells and neutrophils as well. There are three major hallmarks of 
lead-induced immunotoxicity. First, lead can dramatically suppress the Thl-
dependent DTH response, as well as production of associated Thl cytokines. A 
second hallmark is that lead can dramatically elevate production of IgE while 
increasing production ofrh2 cytokines such as IL-4. The third group of functional 
changes, and perhaps the most sensitive, is the modulation of macrophages by lead 
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into a hyperinflainmatory phenotype. After exposure to lead, macrophages 
significantly increase production of the proinflammatory cytokines TNF-a and IL-6 
(and in some studies IL-1). In many studies they also had elevated release of ROIs 
and prostaglandins. Ironically, production of one of the most important host defense 
factors, NO, is consistently and severely suppressed by exposure to lead. This 
package of lead-induced changes among macrophages makes them more prone to 
promote tissue destruction but actually less capable of killing bacteria and possibly 
presenting antigens to T lymphocytes. The lead-induced shift in phenotype explains 
the capacity of inhaled lead to promote bronchial inflammation while depressing 
bactaial resistance. Lead-induced skewing of Th activity (biasing responses toward 
Th2) across a population would lead to the expectation of a greater risk of atopy, 
asthma, and some forms of autoimmunity. Concomitantly, resistance to some 
infectious diseases could also be reduced. 
Effects of Lead Toxicity on Humoral Immunity 
The irony of lead as an immunotoxicant is that the overall effects on humoral 
immimity are reasonably modest compared to those reported for macrophages and T 
lymphocytes (McCabe, 1994). McCabe and Lawrence (1991) discussed the fact 
that lead is not profoundly cytotoxic for most immune cells yet can cause major 
functional shifts within the immune system, as well as decreased host resistance to 
disease. In many cases, antibody production can remain robust in lead-exposed 
animals and humans. However, the nature and spectrum of the antibodies produced 
are the more significant cause for concern. Lead appears to alter the course of T-
lymphocyte-driven B-cell maturation such that class switching may be skewed in 
lead-exposed animals and himians. If lead dosage and duration of exposure are 
Review of Literature Page 18 
sufficient, antibody production may be depressed overall. However, with low-level 
lead exposure, skewed isotype production is the greater health risk. 
(1) B Lymphocytes and Immunoglobulins 
Some early studies reported no effect of lead on antibody production (Reigart and 
Graber, 1976; Ewers et al., 1982), while others reported a significant decrease in 
the humoral immune response (Koller, 1973; Koller and Kovacic, 1974; Blakley 
et al., 1980). In retrospect, the apparent discrepancy may have been caused by the 
various concentrations of lead administered as well as the duration of exposure. 
Additionally, the temporal relationship of lead exposure to antigen challenge may be 
important. In studies measuring generation of plaque forming cells (PFCs) against 
sheep erythrocytes, in vitro incubation of lymphocytes with Pb caused an increased 
response (Lawrence, 1981a). In a comprehensive study using several strains of 
mice, Mudzinski et al. (1986) reported that lead acetate administered in the 
drinking water (10 mM for 8 weeks) elevated the response in the one strain 
(BALB/c mice) but failed to alter the humoral response to sheep red blood cells 
(SRBCs) (either PFCs or antibody titers) in all other strains, McCabe and 
Lawrence (1990) reported that lead caused an elevation in B-cell expression of 
Class II molecules, thereby influencing B-cell differentiation. Lead seemed to 
impact Class II molecule density at the cell surface via the levels of mRNA 
translational and/or the post- translational stages of cell surface protein synthesis 
(McCabe et al., 1991). 
Some human epidemiological and occupational studies have reported lead-
associated differences in levels of circulating immunoglobulins. However, 
Tryphonas (2001) has discussed the pitfalls of relying on total serum 
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immunoglobulin in assessing immunotoxic effects in humans. Sun et al. (2003) 
reported that immunoglobulin M (IgM) and immimoglobulin G (IgG) were lower 
but immxmoglobulin (IgE) was higher among females witiiin their high lead group. 
Basaran and Undeger (2000) found that IgM, IgG, and some complement proteins 
were reduced among battery workers with higji lead exposure. Results of Undeger 
et al. (1996) were similar as well. In contrast, Sarasua et al. (2000) reported an 
elevation in immunoglobulin A (IgA), IgG, ai^ IgM associated with environmental 
lead exposure. Pinkerton et al. (1998) found no major effects but reported a 
significant lead-associated decline in serum IgG and an elevation in B-cell 
percentage. In a human in vitro study, Borella and Giardino (1991) showed that 
lead exposure caused an increased IgG production following stimulation of cells 
with pokeweed mitogen. In recent animal studies. Miller et al. (1998) and Chen et 
al. (1999) reported no effect on antigen specific IgG titers against keyhole limpet 
hemocyanin (KLH) protein in Fisher 344 strain rats that had been exposed in utero 
to lead (0-500 ppm lead acetate in drinking water). 
(2) Effects of Lead Toxicity on IgE Production 
One of the three predominant halhnarks of lead-induced immunotoxicity is an 
increase in IgE production. This can occur in the context of antigen-specific 
responses or as measured by total serum IgE. For this endpoint, the human and 
animal findings are very similar. Virtually all of the information concerning the ca-
pacity of lead to elevate IgE production in humans and animals has been obtained 
since 1990. The disease implications of lead-induced increases in IgE production are 
potentially significant and may help to address, in part, the allergy epidemic that has 
occurred in the last several decades (Isolauri et aL, 2004). A relationship has been 
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established between relative Th2 cytokine levels, SCTum IgE levels, and the risk of 
allergic airway inflammation (Maezawa et al., 2004; Cardinale et al., 2005; 
Holgate et al., 2005). In fact, attempts to manage allergic inflammation use IgE as 
one of the lead major targets (Stokes and Casale, 2005). In humans, Karmaus et 
al. (2005) reported a positive association of blood lead levels (BLL) with serum IgE 
concentration among second-grade children living near a waste incinerator or other 
lead-emitting industries. Sun et al. (2003) also found a positive association of BLL 
and serum IgE level among children in Taiwan. For children in Missouri from 9 
months to 6 years of age, Lutz et al. (1999) reported a correlation of BLL and 
serum IgE levels. Annesi-Maesano et al. (2003) recently found that human cord 
blood lead levels were positively correlated with cord blood total serum IgE. 
Therefore, prenatal exposure of humans to lead may exert an influence on neonatal 
IgE levels. This association appears to hold not only for children but also in adults. 
In early studies, Horiguichi et al. (1992b) reported a positive association between 
blood lead levels in occupationally exposed adults and serum IgE levels. More 
recently, Heo et al. (2004) showed that battery workers with BLL greater than 30 
)Lig/dl differed significantly in serum IgE levels from those with a BLL less than 30 
Hg/dl. Additionally, serum IgE concentration was correlated with BLL among the 
populations examined (r = 0.0872). 
Animal data support this relationship between BLL and IgE level and additionally 
suggest that the effects persist long after the exposure period. In adult mice, lead 
exposure elevated plasma IgE levels (Heo et al., 1996). With early-life exposure. 
Miller et aL (1998) found that gestational exposure of rats to 100 ppm lead acetate 
in the drinking water could produce elevated IgE in the adult offspring. Snyder et 
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al. (2000) showed that while gestational and/or neonatal exposure of mice to lead 
acetate produced neonatal BLLs not above background (5.0 |i/dL), nevertheless, the 
exposure could result in elevated IgE production in the juvenile mouse. In most 
cases lead exposures associated with elevated IgE were also associated with 
increases in IL-4 production by T cells (Chen et al., 1999; Snyder et al., 2000). 
This is consistent with the fact that IL-4 production when high can predispose B 
lymphocytes to undergo a specific class switch for production of IgE. 
Effects of Lead Toxicity on Cell Mediated Immunity 
(1) Thymocytes and T Cells 
In general, cells of the T-cell lineage appear to be relatively sensitive to the toxic 
effects of lead compared to other lymphoid populations. However, there appear to 
be considerable differences in sensitivity across various T-cell subpopulations 
(McCabe and Lawrence, 1991; Heo et al., 1996* 1997, 1998). This was largely 
unknown prior to the late 1980s, when the partitioning of T-helper cells into 
functionally distinct sub- populations (e.g., ThO, Thl, and Th2) emerged (Kurt-
Jones et al., 1987). The differential impact of lead on T-helper cell populations and 
on immxme balance was established during the 1990s. This has become one of the 
four hallmarks of lead-induced inmiunotoxicity. Original observations of both in 
vivo and in vitro T-dependent immune responses in the presence of lead suggested 
that T- helper function and the spectrum of cytokines produced are skewed toward 
the Th2. Smith and Lawrence (1988) had shown that lead could inhibit antigen 
presentation and stimulation of a T-cell clone that was of the Thl phenotype. 
McCabe and Lawrence (1991a) were the first to show that this was caused by the 
novel capacity of lead to inhibit Thl stimulation while promoting presentation to 
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Th2 clones. Heo et aL (1996) provided both in vitro and in vivo results supporting 
this immunomodulation of lead. Cytokine skewing accompanied the differential 
stimulation of Th cells. Using naive splenic CD4^ T cells derived from D 11.10 
ovalbumin-transgenic mice, Heo et al. (1998) developed T-cell clones in vitro in the 
presence of lead. The authors found the T cells that developed from the naive 
precursors were significantly skewed toward the Th2 helper phenotype and away 
from the Thl phenotype. If IL-4 was inhibited with the addition of anti-IL-4 to the 
cultures or if the Thl-promoting cytokine IL- 12 was added exogenously to the 
culture, the effects of lead could be largely overcome. This study provided firm 
evidence that lead can directly promote Th2 development among precursor Th(0) 
cells and impair development of Thl cells. Among its effects, lead enhanced adenyl 
cyclase activity and increased the levels of cAMP. The authors suggested that lead 
may influence cell signaling in such a manner as to promote the Th2 pathway. 
Beyond the biasing of immime responses at the level of the T lymphocyte based on 
Thl/Th2 balance, lead has the capacity to bias usage of certain VP genes (VP 5, VP 
7 and VP 13) among T lymphocyte clones in mice (Heo et al., 1997). This is of 
concern as it suggests that exposure to lead may alter T-cell repertoire and cause a 
skewed representation of the T-cell repertoire. Lee and Dietert (2003) exposed the 
developing thymus of embryonic day 12 (El2) chickens to lead acetate (single 
injection of 400 i^g) and evaluated the capacity of thymocytes (ex vivo) from juve-
nile chickens to produce interferon (IFN)-y. They found that embryonic exposure at 
doses that impair juvenile delayed-type hypersensitivity (DTH) also inhibits IFN-y 
production. Similarly, IFN-y production was decreased when thymocytes from 
juvenile chickens were exposed to lead in vitro. However, in vitro exposure of 
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thymic stroma to lead did not result in suppression of control thymocyte IFN-y 
production in co-cultures. In addition, there is a suggestion that the balance of 
reproductive hormones in early life may influence the impact of lead on developing 
thymocytes (Hussain et al., 2005). 
In humans, several studies have reported decreases in T-cell numbers associated 
with occupational exposure to lead (Fischbein et al., 1993; Sata et al., 1997; 
Pinkerton et al., 1998). Similarly, lead-associated decreases in circulating T 
lymphocytes were also reported in children by several investigators (Sarasua et al., 
2000; Zhao et al., 2004; Karmous et al., 2005). Where lead-associated lymphoid 
differences have been reported in humans, the most commonly observed pattern 
involves increases among circulating B cells and decreases among T cells and/or 
changes among T-cell subsets. 
(2) Effects of Lead on Delayed Type Hypersensitivity (DTH) Response 
Lead-induced suppression of the DTH response is one of the major hallmarks of 
lead-induced immunotoxicity. An in vivo DTH response requires antigen specific T 
lymphocytes to be primed, expanded, and then recruited to a local site of antigen 
deposition. The assay has a long history of application in inmivmotoxicology 
(Luster et al., 1992) and is known to depend largely on Thl participation. There are 
at least two different portions of the response that are imder somewhat separate 
control. Priming and expansion of the antigen specific T lymphocytes are largely 
Thl dependent. However, recruitment of T lymphocytes to the periphery involves a 
variety of locally produced chemotactic signals that may not be \mder the same 
regulation. As an example of possible interference in the latter, a commonly used 
chelator for lead poisoning (succimer, meso-2, 3-dimercaptosuccinic acid (DMSA) 
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failed to restore lead-induced suppression of DTH in rats because the chelator itself 
somehow interfered with the production of chemotactic factors necessary for T-
lymphocyte recruitment (Chen et al., 1999). 
The DTH assay is also generally useful in questions of possible developmental 
immunotoxicity because of the natural skewing toward Th2 that occurs during 
gestation through birth and the issue of effective Thl functional acquisition in the 
newborn. More recently, Miller et al. (1998) found that Fisher 344 (F344) strain 
female rats gestationally exposed to 250 ppm lead acetate in drinking water had a 
persistently reduced DTH reaction against keyhole limpet hemocyanin (KLH) 
protein. Chen et al. (1999), Bunn et al. (2001a, 2001b, 2001c) and Chen et al. 
(2004) had similar findings in studies that included both the F344 and CD strains of 
rats. In the last study conducted in F344 rats, a BLL of 6.75 f g/dl at 4 weeks of age 
was associated with depressed DTH against KLH in the 13-week-old adult female 
offspring following a post-gestational exposiue to lead acetate (250 ppm in drinking 
water). McCabe et al. (1999) were among the first to draw attention to the 
relationship between lead-induced suppression of DTH and the prior observations of 
lead-induced Th skewing. These authors gave varying doses of lead acetate in 
drinking water (32,128, 512, 2048 ppm) to female BALB/c mice for 3 weeks prior 
to measuring the DTH against SRBCs. They fovmd that the 512 ppm dose, 
producing a BLL of 87 f g/dl, significantly impaired the DTH response. The route of 
antigen proved to be important because lead depressed DTH when an iv primed with 
SRBCs was used but not when SRBCs were administered ip. Timing of lead 
administration was found to be important relative to the capacity to depress the DTH 
response. Lee et al. (2001) showed that lead acetate (200 fg) administered in ovo to 
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chicken embryos at 9 days of incubation failed to depress juvenile DTH against 
BSA, but when the same dose of lead was administered 3 days later, juvenile DTH 
was severely reduced even though this dose produced the same BLL. Using the 
latter model, embryonic administration of exogenous thymulin, an important 
component supporting thymocyte development, was found to partially restore 
juvenile DTH function following embryonic exposure to lead (Lee and Dietert, 
2003). Regarding developmental sensitivity of the DTH response to lead-induced 
immunosuppression, parallel findings were obtained in the developing rat (CD strain 
females) (Bimn et al., 2001c) in agreement with those found in the chicken. 
Administration of 500 ppm lead acetate during gestational days 3-9 or 15-21 
produced no DTH effect compared with DTH suppression in the corresponding 
adult offspring. Apparently, the status of the developing thymus may be a con-
sideration in the capacity of lead to impact the subsequent DTH response. Lead 
appears to interfere with the DTH response capacity via suppression of the Thl 
cytokine IFN-y (Chen et al., 1999; Lee et al., 2001). 
(3) Effects of Lead on other T-Dependent Cell-Mediated Immune Alterations 
The in vitro response of T lymphocyte populations to various mitogens (e.g., 
concavavalin A [ConA], phytohemagglutinin A [PHA]) has been used as a surrogate 
measure of antigen-driven T lymphocyte stimulation. Another T-cell response 
altered by exposure to lead is the mixed lymphocyte response (MLR). This in vitro 
assay is a measure of the responsiveness of T cells to the presentation of allogeneic 
major histocompatability complex (MHC) molecules by antigen-presenting cells. 
The in vivo correlate of the MLR is usually considered to be the graft versus host 
(GvH) reaction. Several investigators have reported lead alteration of the MLR. 
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McCabe et al. (2001) demonstrated that lead in vitro at very low physiological 
concentrations (0.1 fiM or approximately the equivalent of 10/^ g/dl) significantly 
enhanced the proliferation and expansion of murine alloreactive CD4 T 
lymphocytes in the MLR reaction. In fact, the resulting population was foimd to 
have a high density of CD4 molecules on the cell surface, making them 
phenotypically similar to memory T lymphocytes. The authors hypottiesized that 
lead-induced creation of an exaggerated pool of memory-type T lymphocytes 
(possessing a lower threshold required for subsequent activation) would be 
problematic for the host. In a study using Lewis strain rats, Razani-Boroujerdi et 
aL (1999) also found evidence for lead-induced stimulation of the in vitro MLR 
response. In this case, both the alloreactive mixtures of cells and syngeneic mixtures 
were elevated in proliferation when cultured in the presence of lead acetate (e.g., 50 
ppm). When concentrations of lead were significantiy higher (200 ppm or greater), 
proliferation was inhibited in these cultures. 
Effects of Lead Toxicity on Natural KiUer (NK) CeUs 
Natural Killer (NK) cells would appear to be among the less sensitive direct immune 
targets of lead-induced immunotoxicity. Yucesoy et al. (1997) reported that neither 
lead exposure nor simultaneous exposure to lead and cadmiiim in human workers 
impaired NK cytotoxicity activity. This finding was supported by studies using in 
vivo exposure to lead in rats (Kimber et a!., 1986a) and mice (Neilan et al., 1983). 
Therefore, it would appear that NK cells are not a prime target associated with lead-
induced immunotoxicity, although more subtie effects may certainly exist within the 
cell type. 
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Effects of Lead Toxicity on Granulocytic Cells 
(1) Neutrophils 
Other cell types important in innate immunity are the granulocytes, including 
polymorphonuclear levikocytes (PMNs, i.e., neutrophils). Although potentially not 
as sensitive a target for lead as macrophages, neutrophils have been reported to have 
altered functions following exposure to lead. Queiroz et al. (1993) found impaired 
migration ability of neutrophils from battery workers occupationally exposed to 
lead. Likewise, Valentino et al. (1991) made a similar observation among 
occupation- ally exposed male workers. Lead exposure of young SD strain rats can 
increase the population of neutrophils (Villagra et al., 1997), although, as the 
authors indicate, this does not necessarily afford enhanced host protection against 
disease. Baginski and Grube (1991) reported that hiraian neutrophils exposed to 
lead had increased killing capacity, probably via increased release of ROIs despite 
having reduced phagocytic capacity. This would fit the same general profile as the 
effects of lead on macrophages. Therefore, neutrophils may contribute to lead-
induced tissue inflammation and damage via increased ROI release. Yet their 
effectiveness in protection against disease challenge may be no greater following 
exposure to lead, because some impairment in chemotaxis and phagocytosis has 
been reported as well. 
(2) Eosinophils 
Eosinophils represent an important granulocytic cell type in type 2-associated 
inflammatory and allergic reactions. In general, few studies have examined lead 
exposure and eosinophil activity. Villagra et al. (1997) reported that exposure of 
juvenile SD strain female rats to lead (4 altemate-day sc injections of 172 mg lead 
I 
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acetate/g body weight) increased the degraniilation of eosinophils (in animals given 
estrogen 1 day later). Such a response would be expected to contribute to increased 
inflammation. 
Effect of Lead Toxicity on Mononuclear Phagocytic Cells 
White blood cells, or leukocytes, are a diverse group of cell types that mediate the 
body's immune response. They circulate throu^ the blood and lymphatic system 
and are recruited to sites of tissue damage and infection. Leukocyte subsets are 
distinguished by functional and physical characteristics. They have a common origin 
in hematopoietic stem cells and develop along distinct differentiation pathways in 
response to internal and external cues. The mononuclear phagocyte system 
represents a subgroup of leukocytes originally described as a population of 
bone marrow-derived myeloid cells that circulate in the blood as monocytes 
and populate tissues as macrophages in the steady state and during inflammation. 
In different tissues, they can show substantial heterogeneity with respect to 
phenotype, homeostatic turnover, and function. The discovery of dendritic cells 
(DC) as a distinct lineage of mononuclear phagocytes, specialized in antigen 
presentation to T cells and the initiation and control of immunity , revealed 
additional roles of these cells in shaping the immune response to pathogens, 
vaccines, and tumors, as well as additional heterogeneity (Giesmann et al. 2010). 
Monocytes represent 10% of total leiikocytes in human blood and 4% of total 
leukocytes in mouse blood. They are distinct from polymorphonuclear (PMN) and 
natural killer (NK) cells, which also belong to the innate arm of the immune system, 
as well as from lymphoid T and B cells, which represent the adaptive arm of the 
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immune system. Monocytes are present in mammals, birds, amphibians, and fish 
(Herbomel et al., 1999; Kelly et al., 2000; Azimi et aL, 1987), and a related 
population of hemocytes (called plasmatocytes) is present in the fly (Williams., 
2007; Lebestky et al., 2000), 
LymptioM 
tissues 
InfUfTwd tisMJSs 
(lymprioid snd nonlymp^od) 
Figure iii: Development of Mononuclear phagocytic system. In the bone marrow, 
hematopoietic stem cells (HSC) produce myeloid (MP) and lymphoid (LP) 
committed precursors. MP gives rise to monocytes, macrophages, and DC 
precursors (MDP). MDP gives rise to monocytes, some populations of macrophages, 
and common DC precursors (CDPs). 
which does not have lymphocytes. Monocytes play an important role in 
development and homeostasis, in part via the removal of apoptotic cells and 
scavenging of toxic compounds (Williams., 2007; Franc et al., 1996). Strikingly, 
monocyte/macrophage specialization can already be observed among unicellular 
eukaryotic organisms, as phagocytes able to scavenge toxic compounds and kill 
bacteria differentiate inside colonies of social amoeba (Dictyostelium discoideum) 
Review of Literature Page 30 
(Chen et al., 2007). In mammals, monocytes also represent accessory cells, which 
can link inflammation and the innate defense against microorganisms to adaptive 
immune responses. Indeed, die best known function of monocytes is as a 
considerable systemic reservoir of myeloid precursors for the renewal of some tissue 
macrophages and antigen-presenting dendritic cells (DCs) (Serbina and Palmer., 
2006; Randolph et al., 1999; Geissmann et al., 2003; Varol et al., 2007). 
Macrophages have been known as a significant target for lead- induced 
immunotoxicity for several decades (U.S. EPA, 1986), Recent research has served to 
underscore this point even further. In fact, many host problems (e.g., neurological, 
cardiac, renal, reproductive) arising from exposure to lead may ultimately trace back 
to lead-induced changes among myelomonocytic-derived populations. The effect of 
lead toxicity on different functions i.e. production of nitric oxide (NO), 
phagocytosis, production of reactive oxygen species (ROS) etc. and cellular fates i.e. 
cytotoxicity and cell death of mononuclear phagocytic system are summarized 
below. 
(l)Production of Nitric Oxide (NO) 
Among the most sensitive immimomodulatory effects of lead exposure is the 
capacity to impair NO production by macrophages. Several research groups have 
shown that in vitro as well as in vivo exposure to lead results in significantly re-
duced production of NO (Tian and Lawrence, 1995,1996; Chen et al., 1997; Lee 
et al., 2001; Pineda-Zavaleta et al., 2004; Smgh et al., 2003). Similar results were 
obtained in human, mouse, rat, and chicken. Depression of NO production capacity 
usually occurs shortly after exposure to lead. However, the long-term effects of lead 
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on NO production following very- early-life exposure are less clear (Miller et al., 
1998; Chen et al., 1999; Bunn et al., 2001a). Tian and Lawrence (1996) have 
hypothesized that because very low lead concentrations (in vitro equivalents to 10 
Hg/dl) can impair NO production, this impairment may be responsible for reduced 
host resistance to Listeria seen among lead-exposed rodents as well as for lead-
induced hypertension among humans (Pirkle et al., 1985). hideed, impaired NO 
production by macrophages seems to be one of the more sensitive endpoints for 
immediate lead-induced immunotoxicity. 
(2) Production of Tumor Necrosis Factor-Alpha (TNF-a) 
Early studies identified the fact that lead exposure could predispose animals for a 
dramatically increased sensitivity to bacterial endotoxin (Trejo et al., 1972; FiUdns 
and Buchanan, 1973; Schlick and Friedberg, 1981). It is now known that the 
increased sensitivity to endotoxin is linked to the capacity of lead to increase 
production of the proinflammatory cytokine tumor necrosis factor-alpha (TNF-a) 
among macrophages in mouse, rat, rabbit, and hirnian (Dentener et al., 1989; 
Zelikoff et al., 1993; Guo et al., 1996; MiUer et al., 1998; Chen et al., 1999; 
Krocova et al., 2000; Flohe et al., 2002). While most studies have examined the 
immediate effects of lead exposure on TNF-a production, studies by Miller et al, 
and Chen et al. (1999, 2004) showed that the effects of early gestational exposure 
to lead on macrophages could persist well into later life including adulthood. 
Additionally, Chen et al. showed that chelation of lead with dimercaptosuccinic acid 
(DMSA) in developing female rats in utero could eliminate the persistent effect of 
elevated TNF- a production in the adult offspring. Flohe et al. (2002) found 
evidence that lead-induced elevation in TNF- a production is sensitive to both 
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protein kinase C signaling and protein production. While the production of TNF- a 
can be elevated following exposure to lead, the expression of the receptor for TNF-
a (TNF-R) was also increased during the in vitro exposure of human blood 
monocytes to lead chloride (Guo et al., 1996). Therefore, the combined effect of 
elevated cytokine production by macrophages and of increased receptor expression 
would be expected to contribute to problematic inflammatory responses. 
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Figure iv: Effect of Lead Toxicity on Mononuclear Phagocytic Cellular System. 
(3) Production of Other Proinflammatory Cytokines 
Several studies have indicated that macrophage production of cytokines (or levels of 
cytokines known to be produced primarily by macrophage populations) is altered 
after exposure to lead. These vary somewhat, depending on the exposure protocol 
and the source of macrophages examined. In addition to the previously disciissed 
elevation of TNF-a by lead, the most significant and consistent lead-induced effects 
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seem to involve elevated production of the other major proinflammatory cytokines: 
interleukin-ip (IL-1 P) and IL-6. Increased production of IL- 6 following exposure 
to lead has been reported by Dyatlov and Lawrence (2002), Flohe et al. (2002), 
Kim and Lawrence (2000), Krocova et al. (2000), Kishikawa and Lawrence 
(1998), and Kishikawa et al. (1997). Because IL-6 is a proinflammatory cytokine, 
its increased production following lead exposure has the potential to influence many 
different tissues. Dylatov and Lawrence (1998a, 1998b) provided evidence that 
lead, IL-6, and lipopolysaccharide (LPS) can combine to exert a significant impact 
on the permeability of the blood-brain barrier and on the properties of brain neurons 
and endothelial cells. Lead-induced elevation of IL-1 p production has been reported 
by Dyatlov and Lawrence (2002). It is probable that enhanced coproduction of IL-
ip and IL-6 would increase the likelihood of local tissue inflammation. 
(4) Generation of Reactive Oxygen Species (ROS) 
Reactive oxygen species (ROS) are important metabolites in the capacity of 
macrophages and other inflammatory cells to kill invading bacteria and to attack 
cancer cells. However, increased overall production or inappropriate triggering of 
ROI release by macrophages can be a major contributor to tissue damage and the 
oxidation of cell surface lipids as well as DNA. The latter is one mechanism through 
which improperly regulated macrophages can actually increase the incidence of 
cancer. Results fi-om many studies suggest that lead exposure of macrophages can 
increase the release of superoxide anion and/or hydrogen peroxide at least shortly 
after exposure. In a recent study on environmentally-exposed children in Mexico, 
Pineda-Zavaleta et al. (2005) reported that production of superoxide anion by 
directiy activated (interferon-gamma + LPS) monocytes was directiy correlated with 
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blood lead level. This was in contrast with the effect of arsenic, which had a 
negative association. In other studies involving low levels of exposures, Zelikoff et 
al. (1993) demonstrated that rabbits exposed to lead via inhalation had pulmonary 
macrophages that produced elevated levels of both H2O2 and superoxide anion upon 
stimulation in vitro. In an in vitro study, Shabani and Rabbini (2000) reported that 
lead nitrate exposure produced a dose-dependent increase in superoxide anion by rat 
alveolar macrophages, Baykov et al. (1996) fed BALB/c mice dietary lead and 
foxmd that peritoneal macrophages had an increased spontaneous release of H2O2. 
Other studies have reported no effects of lead on superoxide anion production when 
a long recovery period was included following in vivo exposiire (Miller et al., 
1998), as well as negative effects of lead on oxidative metabolism by certain 
macrophages or macrophage cell lines (Castranova et al., 1980; Hilbertz et al., 
1986; Chen et al., 1997). These somewhat different results suggest that the 
subpopulations of macrophages examined (e.g., alveolar vs. splenic vs. peritoneal) 
and the time frame of assessment relative to exposure may be important factors in 
the effect of lead on ROS production. The biological importance of increased ROS 
production by lead-exposed macrophages should not be underestimated. 
Femandez-Cabezudo et al. (2003) demonstrated that the potent antioxidant alpha-
tocopherol could protect TO strain mice against some lead-induced 
immunosuppressive alterations. Hence, macrophage-associated oxidative damage 
following exposure to lead may be a mitigating factor in lead-induced pathologies 
and functional deficits in nonlymphoid organ. 
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(5) Membrane Arachidonic Acid and Prostaglandin Production 
Arachidonic acid (AA) is a major surface component of many cells including 
macrophages and monocytes, is the precursor for production of cyclooxygenase and 
lipogenase metabolites. As a result, the specific AA content of membranes and the 
capacity of macrophages to produce immimomodulatory metabolites from AA are 
important to overall health of the individual. Knowles and Donaldson, 1990 
reported that diets with an additional 500 ppm lead fed to chicks produced an 
increase in the percentage of AA included in cell membranes. Such an increase 
would be expected to raise the risk of overall inflammation. Several groups have 
reported that lead exposure increases macrophage production of the 
immunosuppressive metabolite, PGE2. Lee and Battles (1994) reported that mouse 
macrophages exposed to lead (10 vM) in vitro had elevated basal PGE2 production 
but under some stimulatory conditions had decreased production of PGE2. When 
Knowles and Donaldson (1997) fed lead to turkey poults in the diet at a level of 
100 ppm, thromboxane production and macrophage production of prostaglandin F2 
(PGF2) and PGE2 and were all significantly elevated versus the control. Flohe et al. 
(2002) showed that exposure of moxise bone marrow-derived macrophages to lead 
chloride resulted in increased production of PGE2that correlated with increased 
mRNA production for the necessary enzyme prostaglandin H synthase type-2. 
(6) Response of Macrophages to Colony Formation Factors 
The ability of bone-marrow-derived macrophages (BMDM) to form colonies in 
response to certain growth factors (e.g., colony stimulating factor-l, CSF-1) is a 
property related to the growth and differentiation of subsequent macrophage popula-
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tions. Kowolenko et al. (1991) found that exposure of CBA/J female mice to lead 
acetate (0.4 mM in drinking water for (2 weeks) reduced colony formation of 
macrophages in response to CSF-1. Infection of the mice with Listeria only 
exacerbated this effect of lead. The same authors (Kowolenko et al., 1989) had pre-
viously demonstrated that when BMDM were cultured in vitro with lead chloride 
(0.1 \\M), colony formation was significantly impaired. These combined results 
suggest that exposure to lead can impair tiie generation of macrophage populations 
as well as modulate the functional spectrum of fully matured macrophages. Bunn et 
al. (2001a) reported that gestational exposure of CD rats to 50 ppm lead acetate via 
the drinking water of the dams resulted in female adult offspring with a significantly 
decreased percentage (58% reduced) of circulating monocytes. A 100 ppm dose of 
lead acetate produced a significant reduction (74% reduced) in the absolute numbers 
of monocytes as well. The BLL at birth associated with the decreased percentage of 
macrophages in the adult offspring was 8.2 jxg/dl. In general agreement, Lee et al. 
(2002) reported a significant decrease in the absolute numbers of circulating 
monocytes and polymorphonuclear leucocytes (PMNs) in juvenile female chickens 
exposed to lead acetate. The corresponding BLL at hatching was 11.0 |ag/dl. 
However, in this case the lead-induced reduction in monocytes and PMNs was only 
seen in concert with an airway viral infection (viral stressor) and not in the resting 
uninfected animal. 
(7) Antigen Presentation and Lymphoid Stimulation 
Exposure to lead does influence the interaction between macrophages and T 
lymphocytes. As a result, the capacity of macrophages to support T lymphocyte 
proliferation and activation can be altered as well. Kowolenlco et al. (1988) found 
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that mouse macrophages exposed to lead (both in vivo and in vitro) can induce an 
increased proliferative response of T lymphocytes in co-culture but that antigen-
specific stimulation of primed T cells is significantly reduced. Lead-suppressed anti-
gen presentation capabilities of mouse macrophages were also reported by both 
Smith and Lawrence (1988) and Blakley and Archer (1981). 
(8) Chemotaxic Responses 
Chemotactic activity of macrophages is an important function required for the 
directed migration of macrophages to sites of infection and tumor growth. However, 
it is a functional capacity that has not been systematically examined within the lead-
immime literature. Using female Moen-Chase guinea pigs, Kiremidjian-
Schumacher et aL (1981) showed that lead chloride exposure of peritoneal 
macrophages in vitro (10 nM) inhibited the electrophoretic mobility of the cells. 
(9) Phagocytic Activity and Particle Clearance 
Phagocytosis of targets and removal/clearance of dead cells and particles are major 
functions of macrophages. However, phagocytosis can involve a variety of different 
cell surface receptors on macrophages that depend on both the nature of the target 
encoxmtered and the subpopulation of macrophages examined. In general, the 
phagocytic capacity of macrophages seems to be relatively insensitive to lead-
induced immunomodulation compared with the effects on NO and TNFa 
production. However, differences in outcome in phagocytosis evaluations are likely 
to be based on the differences in the source of macrophages used and their relative 
activation state at the time of assessment. A few studies have described significant 
effects on phagocytosis, but these have usually relied on phagocytosis mediated 
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through the Fc receptor on macrophages. Because cell adherence to surfaces may be 
influenced negatively by lead (Sengupta and Bishayi, 2002), impairment of 
phagocytosis may also involve some lack of efficiency problems with macrophage 
anchoring to substrates. De Guise et al. (2000) reported no effect on bovine 
macrophage phagocytosis of latex beads by lead at in vitro treatment concentration 
of 10"^  M. This was in contrast with suppressive effects of both cadmium and 
mercury. Using Sephadex-elicited peritoneal macrophages derived from young 
turkeys fed 100 ppm lead in the diet, Knowles and Donaldson (1997) found a 50% 
reduction in the percentage of phagocytic macrophages using sheep erythrocyte 
targets. The activity per phagocytic macrophage was also reduced. Kowolenko et 
al. (1988) studied the effect of lead acetate at 10 mM in the drinking water of CBA/J 
mice. They reported no effect on phagocytosis of Listeria monocytogenes targets yet 
an overall decreased resistance to Listeria. When the same investigators exposed 
peritoneal and splenic macrophages to lead in vitro (100 iM), they also found no 
significant effect of lead on phagocytic activity. Jian et al. (1985) reported that New 
Zealand white rabbit-derived alveolar macrophages exposed to lead in vitro at 10'^  
M concentration were significantly impaired in the phagocytosis of opsonized 
chicken erythrocytes (Fc receptor- mediated phagocytosis). Trejo et al. (1972) 
reported that a single iv injection of lead (5 mg/rat) into male Sprague-Dawley (SD) 
strain rats produced an inhibition in the phagocytic capacity of Kupfifer cells. 
Difference in route of lead administration may be a factor in the different results 
obtained. 
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(9) Production of Heat Shock Proteins 
One study by Miller and Qureshi (1992) using a macrophage cell line reported that 
exposure of macrophages (MQ-NCSU) in culture to lead acetate (1000 |iA/) induced 
the same set of foiir heat-shock proteins as when the macrophages were subjected to 
thermal stress. This result fits the hypothesis that lead produces a profound 
immunomodulatory effect in macrophages that has similarities to the exposure of 
macrophages to certain pathogens. 
(10) CeU Death 
Significant differences exist in the literature concerning the potential role of lead in 
the apoptosis of macrophages. The difference may be based on the exposure 
methodologies (in vivo vs. in vitro) as well as the sovirce of macrophages utilized. 
De la Fuente et al. (2002) found that human monocytes exposed to lead in vitro at 
high concentrations did not undergo apoptosis. This was in direct contrast with the 
apoptosis-promoting effects of cadmium in the same assessment protocol. In 
contrast, Shabani and Rabbini (2000) exposed rat alveolar macrophages to lead 
nitrate in vitro and found that 60 p,M concentration produced a significant increase 
(2x) in DNA firagmentation firom 3 to 24 hours in culture. 
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Aims and Objectives 
Most of the current scientific literature related to the inununotoxicology of lead is 
basically focused on the macrophages, yet very little is been known about the effect 
of lead toxicity on monocytes which act as the precursor cells for these cells in 
immune system. Therefore the current study mainly aimed to assess the following: 
1. To assess the cytotoxic and genotoxic potential of lead on human monocytes. 
2. To quantitate the production of proinflammatory cytokines mainly TNF-a and its 
associated molecular mechanism(s) in human monocytes. 
3. To assess the cell death induced by lead in human monocytes and also to 
elucidate the possible molecular mechanism involved in cell death. 
In the current study THP-1 (Himian Monocytic cell line) cells has been used as a 
test model system for human monocytes. 
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Executive Summary 
The heavy metal, lead (Pb), is a widely dispersed environmental contaminant that is toxic 
to many organ systems including immune system. Unlike many compounds that exert 
adverse immune effects, lead exposure at low to moderate levels does not produce 
widespread loss of immime cells. In contrast, changes resulting from lead exposure are 
subtle at the immune cell population level but, nevertheless, can be functionally dramatic. 
Myelomonocytic cells especially macrophages are known to be the prime target of lead 
toxicity, in fact, many other host problems i.e. neurological, cardiac, renal, reproductive 
etc. arising from exposure to lead may ultimately trace back to lead-induced changes 
among myelomonocytic-derived populations. Unfortunately no previous study had 
identified the effect of lead toxicity on monocytes that are the known progenitors for 
macrophages. We therefore aimed to assess the cytotoxic and genotoxic potential of lead 
on human monocytes by utilizing THP-1 (human myelomonocytic cell line) as model 
system. Results of our study established a strong concentration and time dependent 
cytotoxicity of lead in THP-1 monocytes. Lead exposure induces significant DNA damage 
and micronucleus induction, mediated through ROS, GSH depletion and LPO induction in 
THP-1 monocytes. An increased phosphorylation of DNA damage responsive genes i.e. y-
H2AX, chkl, chk2 and ATM was observed clearly suggesting formation of double strand 
breaks (DSBs) in THP-1 monocytes. Lead also increased phosphorylation of p53 and 
MAPKs (ERKl/2, p38 and JNK). Over all our findings provide primary evidences that 
lead had the capability to induce strong cytotoxicity via ROS in monocytes which might 
help us to understand lead mediated immunosuppresion. 
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1. Introduction 
Lead is a non-essential element that occurs naturally in the environment. However, 
environmental contaminations are largely due to human activities. Many of its physical 
and chemical properties such as softness, malleability, ductility, poor conductibility and 
resistance to corrosion, have favoured that man uses lead and lead compounds since 
ancient times for a great variety of applications. Apart from the general deposition of lead 
in the environment through various different human activities and wide use, exposure to 
lead near Superfund sites has been become a matter of concern (Lorenzana et al., 2003). 
Earlier reports had well documented that lead can cause adverse health effects that include 
neurotoxicity, nephrotoxicity, and deleterious effects on the haematological and 
cardiovascular systems (ASTDR, 2007), however, immune system is one of the most 
sensitive among them. Pb has the ability to induce immune-suppression and also reduce 
host resistance towards infectious diseases. 
There are reports that lead at low to moderate levels of exposure does not produce overt 
cellular cytotoxicity of immune cells or lymphoid organ pathology. However, it can 
induce profound morphological and functional alterations of different immime cells i.e. 
Lymphocytes (both b and T), Granulocytic cells and myelomonocytic cells (macrophages, 
monocytes and dendritic cells), that may eventually increase risk of disease. Lead 
preferentially targets macrophages and T lymphocytes, although effects have been 
reported also on B cells and Neutrophils as well. Dietert et al (2006) had suggested that 
there are three major hallmarks of lead-induced immunotoxicity. First, lead can 
dramatically suppress the Thl- dependent DTH response, as well as production of 
associated Thl cytokines. The second hallmark is that lead can dramatically elevate 
production of IgE while increasing production of Th2 cytokines such as IL-4. The third 
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group of functional changes, and perhaps the most sensitive, are the modulation of 
macrophages by lead into a hyperinflammatory phenotype. After exposure to lead, 
macrophages significantly increase production of the proinflammatory cytokines TNF-a 
and IL-6 (as also IL-1) as reported by some workers. There are also reports of elevated 
release of ROIs and prostaglandins. Ironically, production of one of the most important 
host defense factors, NO, is consistently and severely suppressed following exposure to 
lead. Phagocytic cells (macrophages and monocytes) have been known as a significant 
target of Pb mediated immunotoxicity (Dietert and Piperbink. 2006). Earlier research 
related to immunotoxicity of Pb highlighted that many host problems (e.g. neurological, 
cardiac, renal, reproductive) arising fi-om exposure to Pb and this may ultimately trace 
back to Pb-induced changes in myelomonocytic-derived cell population. Pb impairs 
several aspects of phagocytic cell functions including adherence, chemotaxis (Villanueva 
et al., 1997a & 1997b), and clearance of intracellular pathogens (Bishayi & Sengupta., 
2003). Moreover, Pb has also been shown to inhibit nitric oxide production in both 
myeloid as well as myeloid suppressor cells (Tian & Lawrence., 1996; Farrer et al., 
2008). This package of lead-induced changes among macrophages makes them more 
prone to promote tissue destruction, along with making them less capable of killing 
bacteria and possibly hindering presenting antigens to T lymphocytes. 
Monocytes represent 10% of leukocytes in human blood and 4% of leukocytes in mouse 
blood. They are distinct from polymorphonuclear (PMN) and natural killer (NK) cells, 
which also belong to the innate arm of the immune system, as well as from lymphoid T 
and B cells, which represent the adaptive arm of the unmune system. Monocytes play an 
important role in development and homeostasis, in part via the removal of apoptotic cells 
and scavenging of toxic compounds. Moreover, monocytes also represent accessory cells. 
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which can link inflammation and the innate defense against microorganisms to adaptive 
immune responses. Indeed, the best known fiinction of monocytes is as a considerable 
systemic reservoir of myeloid precursors for the renewal of tissue macrophages and 
antigen-presenting dendritic cells (DCs) (Giesmann et al 2009). Overall majority of the 
lead mediated immunotoxiclogical studies on myelomonocytic cell system had focused 
mainly on macrophages, however, less or no priority has been given to the monocytes, 
which act as precursor cells for macrophages. 
Taking into consideration the importance of monocytes in iimate immune system, it is 
critical to understand how lead toxicity affects monocytes. The primary goal of current 
study was to assess the possible cytotoxic and genotoxic potential of lead on human 
monocytes, using human monocytic cell line THP-1 as model system. Moreover, we also 
assessed the possible signalling activated/involved in genotoxic response provoked by 
lead. 
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Materials and Methods 
Reagents. Cell culture reagents were purchased from Life Technologies, Inc. (Grand 
Island, Wf). Lead acetate, neutral red dye, low melting point agarose (LMA), ethidium 
bromide (EtBr), triton X-100, ethyl methanesulfonate (EMS), cytochalasin-B and 2, 7-
dichlorofluorescein diacetate (DCFH-DA), Giemsa stain powder and P-actin antibody 
were obtained from Sigma Aldrich (St.Louis, Mo). Formamidopyrimidine DNA 
glycoslyase (Fpg) Enzyme was obtained from Trevigen, Inc (USA). Normal melting 
agarose (NMA), ethylenediaminetetraacetic acid (EDTA) disodium salt, and (3-(4, 5-
dimethylthiazol- 2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) dye were the products of 
Himedia Pvt. Ltd. (Mimibai, India). Hydrogen peroxide (H2O2) was purchased from 
Ranbaxy Fine Chemical Ltd., New Delhi, India. Specific anti-phospho p53 
(Thr202Aryr204), anti-phospho p21 (Thrl83/Tyrl85), anti-phsoho ATM (Thrl80/Tyrl82) 
anti-ERK, anti-JNK anti-p38 were obtained from Cell Signalling Technology (Beverly, 
MA) and used in the ratio of 1:1000 in all experiments. Horseradish peroxidase-
conjugated goat anti-rabbit and anti-mouse secondary antibodies were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA) and used in ratio of 1:500 in all experiments. 
The rest of the chemicals used in the study were of analytical grade of purity and procured 
locally. 
2.2. Cell culture. The himian promonocytic cell line THP-1 was purchased from National 
Centre for Cell Sciences (NCCS), Pune, India. Cells were cultured in RPMI1640 medium 
supplemented with 10% heat-inactivated fetal calf serum, 50U/ml penicillin, and 50 |ig/ml 
streptomycin at 37°C in 5% CO2 incubator. Cells were maintained at a density of 5x10^ to 
1x10^ cells/ml, and used in log-phase of growth between the ninth and eighteenth 
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passages. These cells express various receptors that are found in normal monocytes and 
have been used as a model system for monocyte/macrophage biology (Saad et al. 2010). 
2.3. 3-[4,5-dimethyltliiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT) assay. The 
tetrazolium dye, MTT, is widely used to assess the viability and/or the metabolic state of 
the cells. The MTT-colorimetric monocyte mediated cytotoxicity assay, based upon the 
ability of living cells to reduce MTT into formazan by mitochondrial succinate 
dehydrogenase in viable cells. Twenty-four hours after cell seeding, cells were incubated 
with varying concentrations of Pb (O.l-IOO^M) for 6, 24 and 48 h at 37"C. Following the 
removal of the exposure from each well, cells were washed in phosphate-buffered saline 
(PBS). The cells were then incubated in serum-free RPMI to which MTT (0.5 mg/ml) was 
added to each well (100 |j,l) and incubated for a further 4 h. Then the medium was 
removed and the cells were incubated for 15 min with 100 |iil of acidic isopropanol (0.08N 
HCl) to dissolve the formazan crystals. The absorbance of the MTT formazan was 
determined at 570nm in an ELISA reader (Synergy HT Biotek, USA). Viability was 
defined as the ratio (expressed as a percentage) of absorbance of treated cells to unfreated 
cells. 
2.4. Cell viability. The cell viability using Trypan blue dye exclusion assay was 
conducted by the method of Phillips (Pliilips, 1973) before the start and after the 
completion of the lead exposure in the Comet assay. 
2.5. Neutral red uptalce Neutral red uptake assay was conducted according to the 
method of Borenfreund and Puemer (1985). Briefly, after the exposure, the treatment 
was discarded and 100 11 of neufral red dye (50 i^g/ml) dissolved in serum free medium 
was added to each well. After incubation at 37 °C for 3 h, cells were washed with a 
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solution of 0.5% formaldehyde and 1% CaCU. The dye taken up by cells was then 
dissolved in a solution containing 50% ethanol and 1% acetic acid in Milli-Q water. The 
absorbance was measured at 540 nm in a SYNERGY-HT multiwell plate reader, Bio-Tek 
(USA) using KC4 software. 
2.6. Genotoxicity assessment. The genotoxic potential of lead (Pb) was assessed by two 
well known methods (1) Comet assay and (2) Cytokinesis-block micronucleus (CBMN) 
assay. Approximately, 1x10^ cells in 1.2 ml of DMEM were seeded in a 12-well cell 
culture plate. After 24 h, the cells were exposed for different time periods i.e. 3 and 6 hrs 
to different concentrations of lead acetate (0.01-100 jiM). Hydrogen peroxide (25 |iM) 
and Ethyl methanesulfonate (6 mM) were used as positive control for Fpg-Comet assay 
and CBMN assay, respectively. 
2.7. Single cell gel electrophoresis assay/ Oxidative DNA Damage. The 
formamidopyrimidine DNA glycosylase (Fpg) enzyme is used for the detection of 
oxidative DNA base damage, in particular, 8-OH guanine (Tice et al., 2000). Therefore, 
Fpg-modified comet assay was used to assess the involvement of ROS in promoting DNA 
damage induced by lead. Briefly, cells exposed to PbAc (0.1 - 100^M) and were washed 
twice with serum free medium. The cells were re-suspended in RPMI-1640 supplemented 
with 10% fetal bovine serum and slides were prepared by the method as described (). Two 
slides were prepared from each well (one well/concenfration) and kept overnight at 4 °C in 
lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris (pHlO), with 1% Triton X-100 
added just before iise). After lysis, slides were washed three times in enzyme buffer (40 
mM HEPES, 0.1 M KCl, and 0.5 mM EDTA, pH 8; 0.2 mg/ml BSA) and incubated with a 
1:3000 Fpg solution for 30 min at 37 °C. Subsequently, the DNA was subjected to 
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alkaline unwinding for 20 min and electrophoresis was carried out in freshly prepared 
chilled electrophoresis buffer (1 mM EDTA sodium salt and 300 mM NaOH) at 0.7 V/cm 
and 300 mA at 4 °C for 30 min. The excess alkali was then neutralized with Tris buffer 
(400 mM, pH 7.4). The slides were stained with 20 jig/ml ethidium bromide (EtBr) and 
stored at 4 "C in a humidified slide box until scoring. Slides were scored at a final 
magnification of 400x using an image analysis system (Komet 5.0, Kinetic Imaging, 
Liverpool, UK) attached to a microscope (DMLB, Leica, Germany) equipped with 
fluorescence attachment of CCD camera and appropriate filters (N2.1). The Comet 
parameters used to measure DNA damage in the cells were tail DNA (%) and Olive tail 
moment (OTM). hnages from 50 random cells (25 from each replicate slide) were 
analyzed for each experiment as recommaided by the guidelines (Tice et al., 2000). The 
experiment (and not the cell) was used as Ihe experimental unit for data analysis. 
2.8. Cytokinesis -block micronucleus (CBMN) assay. CBMN assay was carried out 
according to the method of Fenech (2000). Cells were treated with different 
concentrations of Pb (0.1 - lOO i^M) for 6 h. RPMI-1640 with serum and EMS (6 mM) 
served as negative and positive controls, respectively. After exposure period was 
completed, the exposure medium was aJ5)irated, cells washed with medium and grown 
further for 20 h in 1 ml of fresh complete RPMI-1640 medium containing Cytochalasin-B 
(final concentration 3 ^g/ml mediimi) in a CO2 incubator at 5% CO2. Next for harvesting 
and slide preparation the cells suspension was centrifuged at 1000 rpm for 6 min. Slides 
were prepared by cytocentriflige method using a cytospin (Thermo Shandon, UK). 250 p,l 
of cell suspension was loaded in each blodc of cytofunnel and centrifuged at 2500 rpm for 
8 min. Two sHdes (two dots on one slide from each replicate culture) were prepared for 
each concentration. The slides were fixed in chilled methanol (90%) for 5 min, air-dried 
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and then stained with 10% Giemsa in Sorenson's buffer. The buffer-moiinted slides were 
examined for the presence of micronuclei in the binucleate cells using a light microscope 
(DMLB, Leica, Germany) at lOOOx magnification. Two thousand binucleate cells fi:om 
each concentration (1000 binucleate cells firom each slide, 500 cells per dot) were scored. 
The cytokinesis block proliferation index (CBPI) was also calculated from 
SOOcells/concentration as recommended in the OECD Guideline No. 487 (OECD, 2007) 
as follows: 
CBPI = (No. of mononucleate cells + 2 x No. of binucleate cells + 3 x No. of 
multinucleate cells)/Total No. of cells. 
2.9. Oxidative stress markers. Cells at a final density of 6 x 10^  in a 75 cm^ culture flask 
were exposed to different concentrations of Pb (0.1 - 100^M) for 6 h. After exposure, the 
cells were centrifiiged and washed twice with chilled Ix PBS. The cells were centrifuged 
at 5000 rpm for 30 minutes and the pellet was re-suspended in Ix PBS and then sonicated 
at 15 W for 60 s (10 s pulse on and 10 s pulse off for three times) to obtain the cell lysate. 
Protein content was measured by the method of Bradford (Bradford, 1976) using bovine 
serum albumin as the standard. 
Glutathione estimation. Free sulphydryl content was measured as described by Ellman 
(1959) and expressed as Imole/mg of protein. 
Lipid peroxidation (LPO) assay. Lipid peroxidation levels were estimated by lipid 
hydroperoxide assay kit^^ (Cayman Chemical Company, MI, USA) according to 
manufacturers' protocol. Briefly, lipid hydroperoxide were extracted from cell lysate into 
chloroform. A solution containing ferrous ions was then added to cell exfract, which on 
reaction with lipid hydroperoxide yielded ferric ions. After 10 min, absorbance of the 
Chapter-1 Page 50 
resulting ferric ion was detected at 500 nm using thiocyanate ion as the chromogen. 13-
Hydroperoxy-octadecadienoic acid (13-HpODE) was used as the standard. 
2.10. Total cell lysate preparation. Following treatment to the cells, the medium was 
aspkated and the cells were washed twice with cold PBS (10 mM, pH 7.4). Ice-cold lysis 
buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM NaF, 100 
mM Na3V04, 0.5% NP-40, 1% Triton X-100, 1 mM PMSF, 10 ng/mL aprotinin, 10 
Hg/mL leupeptin, pH 7.4) was added to the plates, which were then placed over ice for 30 
min and then the lysate was collected in a microfoge tube. The lysates was cleared by 
centrifugation at 14000xg for 15 min at 4°C and the supernatant (total cell lysate) was 
either used immediately or stored at -80°C. 
2.11. Preparation of nuclear and cytoplasmic fractions. For fractionation of THP-1 
cells into nuclear and cytoplasmic fractions, THP-1 cells (10 x 10^ ) were washed with 10 
ml of PBS. Cells were centrifuged at 1500 xgfor 5 min at 4°C. Cell pellet was 
resuspended in 1 ml of PBS and centriftiged again for 15 s at 4°C at maximum speed. Cell 
pellet was resuspended in buffer A (10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM 
EDTA, 0.1 mM EGTA supplemented with 1 mM DTT, 0.5 mM PMSF, and 10 ^g/ml 
each aprotinin, leupeptin, and pepstatin) and allowed to swell on ice for 15 min; 200 p,l of 
10% Nonidet P-40 was added to the swollen cells, and the samples were vortexed 
vigorously for 10 s. Cells were centriftiged at 14,000 x g. The supernatant resulting from 
this centrifiigation was the cytosolic fraction, and the pellet was the nuclear fraction. The 
cytosolic fraction was diluted in buffer B (10 mM Tris (pH 7.5), 7 M urea, 1% SDS, 0.3 
M sodium acetate, 20 mM EDTA). The nuclear pellet was resuspended in buffer C (20 
mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA supplemented with 
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protease inhibitors as in buffer A) and shaken vigorously at 4°C for 2 h. The samples were 
centrifuged at 14,000 x g to get the nuclear fraction. 
2.12. Western blotting. Western blotting was carried out according to method of Towbin 
et al. 1979 with some modifications. Proteins (100 (ig) were resolved on 10-12% SDS-
PAGE and then electroblotted onto nitrocellulose membranes. Immimoblots were detected 
by horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG using 
chemiluminiscence kit and visualized by Versa Doc Imaging System (Biorad, CA, USA). 
To quantify equal loading, membrane was reprobed with P-actin antibody. Data are 
presented as the relative density of protein bands normalized to p-actin. Densitometric 
measurements of the bands were done with digitalized scientific software program, UN-
SCAN-IT, purchased from Silk Scientific Corporation (Orem, UT, USA). 
2.13. TNF-a protein quantification. The extracellular medium was centrifuged at 250xg 
for 10 min and the supernatant was stored at -20°C. For determination of intracellular 
TNF-a content, cells were lysed, centrifiiged and the supernatant was stored at -20 °C. 
TNF-a was analyzed using a commercial ELISA kit (BIOSOURCE, Camarillo, CA). 
2.14. Statistical analysis. The data were analyzed to obtain mean values and standard 
deviation for all treated and vehicle control samples, which were subjected to statistical 
comparison using student-^test, p<0.05 was considered as significant. 
3. Results 
3.1. Pb treatment alters cellular viability. The human monocytic cells THP-1 were 
exposed to increasing concentration of Pb (0.1-100 ^M) for different time periods (6 and 
24 hr) and the cytotoxicity was assessed through MTT and NRU assay. The results 
showed that the exposure concenfration of 100 jiM or less had only mild effect on cellular 
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viability i.e. more than 80% were found to be live at both 6 and 24hr. Moreover, at 48 hrs 
the MTT results showed a significant reduction in cell viability i.e. 26%, 35% and 46% at 
concentrations 25, 50 and 100 |iM, respectively, when compared with control (Fig. 1.1). 
In NRU assay a significant reduction of NRU uptake was observed at both 24 and 48 hr 
(Fig. 1.2). At 24 hr only two doses 50 and 100 pM showed significant reduction i.e. 22% 
and 26% in NRU uptake. Similarly at 48 hr statistically significant reduction of 25%, 35% 
and 43% was observed at doses 25, 50 and 100 \iM respectively (relative to control). 
3.2. Pb treatment provokes cellular membrane leakage. To identify the potential of Pb 
to induce THP-1 membrane leakage we perform LDH assay. Pb do not induces membrane 
leakage at any concentration used at both 6 and 24 hr, except 100|iM which induces 
significant (64% relative to control) induction in LDH in extracellular milieu at 24 hr. At 
48 hr 50 and lOOpM of Pb significanlty induces membrane leakage by 70% and 127% 
when compared with control (Fig. 1.3). 
3.3. Pb increases production of ROS from THP-1 cells. A statically significant 
concentration dependent production of ROS fi-om THP-1 cells was observed at 6 hr. Pb 
induces 53%, 148%, 180% and 185% for doses 10-100 \iM respectively when compared 
with control. However, some of the doses like 25, 50,100 |j,M shown to significantly 
increase the ROS production by 40%, 48% and 53% at 3 hr fi-om THP-1 cells. (Fig. 1.4). 
3.4. Pb exposure induces oxidative stress in THP-1 cells. We assessed GSH status and 
lipid hydroperoxide (LPO) levels as the markers for oxidative stress. 
(a) Effect of Pb on glutathione (GSH) content. A significant reduction (p < 0.05) in 
cellular GSH content (22% and 30%) was observed at 50{iM and lOOpM concentrations 
respectively after 6 h exposure to Pb (Fig. 1.5). 
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(b) Effect of Pb on lipid peroxidation (LPO) level. Cells exposed to Pb showed a 
concentration-dependent statistically significant (p < 0.05) increase in hydroperoxide 
concentration at 25nM (75%), 50^M (111%) and lOO^ iM (153%) at 6 hr when compared 
to control (Fig. 1.6). 
3.5. Pb induces oxidative DNA damage in THP-1 cells. The cell viability in the Comet 
assay exceeded > 90% for all experimental groups before and after the treatment as 
assessed by Trypan blue dye exclusion assay (data not shown). A significant (p < 0.05) 
increase in the qualitative and quantitative DNA damage in cells exposed to Pb was 
observed, as evident by the conventional Comet assay parameters viz. Olive tail moment 
(OTM) and tail DNA (%) respectively, (Table 1). Next to identify the role of ROS in 
DNA damage induction by Pb, comet assay was performed in presence of Fpg enzyme 
which detects ROS oxidized nuclear bases. We observed statistically significant (P < 
0.05) induction in OTM at doses 25, 50 and 100 i^M of Pb after 6 h exposure as compared 
to the respective control. Similar results were observed in % T DNA. When compared 
among the groups, Fpg elicited a significantly greater response at the two higher 
concentrations of Pb (50 and 100 jiM) as evident by the Comet assay parameters (Fig. 1.7 
1.8.andl.9). 
3.6. Micronucleus induction by Pb. A statistically significant (p < 0.05) induction in 
micronucleus formation was observed in THP-1 cells after 6 h exposure to Pb at 25 ^M 
(14.67 MN/1000 BNCs), 50 ^M (15.67/1000) and 100 nM (16.00/1000) with respect to 
control (9.33 MN/1000 BNCs; Fig. 1.10 and 1.11). 
3.7. Pb activates DNA damage sensing kinases in THP-1 cells. Expression of DNA-
damage-related proteins, including Y-H2A.X, p-ATM, p-ATR, p-Chkl, and p-Chk2, as 
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well as their total levels, was analyzed by immmwl|$p|^ ;J5i;SgtaienUi^;^ with Pb 
resulted in up-regulation of Y-H2A.X, p-ATM, p-ATR, p-Chkl, and p-Chk2. The total 
levels of H2A.X, ATM, ATR, Chkl, and Chk2 were only very slightly changed 
(Fig.1.12). 
3.8. Pb exposure activates MAPK cascade and downstream transcription factors in 
THP-1 cells. We analyze the status of MAPK activation after treatment of Pb (100 p.M) at 
different time points (0 - 24 hr) and observed that ERKl/2 remains phosporylated from 1 
hr to 24 hr. The maximum increase in phosphorylation was observed at 2 hr and thereafter 
it started to decrease onwards. JNK phosphorylation was found to be transient and found 
to reach maximum at 1 hr. Similar to ERKl/2, p38 was also phosporylated by Pb and 
found to reach maximum at 2 hr and thereafter decreases as the time point increases (Fig. 
1.13). Next we aimed to identify the status transcription factors that are downstream to 
MAPKs and are known to get modulated during DNA damage induced by different 
stimulus. 
THP-1 cells expressed the p53 protein in both cell nuclei and cytoplasmic fraction of 
unfreated cells. Pb (100 nM) treatment increased the phosphorylation of 053 at serl5 in 
the nuclear fraction. p21 protein was hardly detectable in the nuclear fraction of imfreated 
THP-1 cells, but increased in cytoplasmic fraction. Similarly Pb increases the 
phosphorylation of c-Jun. A very similar pattern of expression was detected with ATF-2 
and p-ATF-2. Camptothecin (3 jiM) for 3hr was used as positive control and foimd to 
induce phosphorylation of the entire franscription factors tested. Lamin A/C and GAPDH 
was used as markers for cytoplasmic and nuclear fraction respectively (Fig. 1.14). 
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4. Discussion 
Macrophages have been known as a significant target for lead- induced immunotoxicity 
for several decades. Recent research has served to underscore this point even further. In 
fact, many host problems (e.g., neiirological, cardiac, renal, reproductive) arising fi-om 
exposure to lead may ultimately trace back to lead-induced changes among 
myelomonocytic-derived populations. Many studies had shown previously that lead can 
alter immune response capabilities of macrophages including phagocytosis, cytokine 
production, NO production etc. However, very little is known about the effect of lead 
toxicity on monocytes. The results of this study demonstrated that Pb exposure induce 
significant cytotoxicity in cultured human monocytic cells. The results firom the MTT 
assay (Fig. 1) indicated that Pb killed the cells in both a dose-dependent and a time-
dependent manner. Our results are in clear agreement with some previous studies which 
showed significant decrease in viability of macrophages and lymphocytes by lead 
(Krocova et al. 2000; Gagioni et al. 2006; Wozniak and Basiak. 2003). Lysosomes are 
highly conserved multi-fiinctional cellular organelles in almost all eukaryotic cells fi-om 
yeast to humans, and well known to be involved in intracellular digestion due to 
endocytosis and phagocytosis (Moore et al., 2006), and uptake of the cationic dye neutral 
red indicates their ability to participate in phagocytosis and lysosomal stability (Bonatto 
et al., 2004). Lysosome ability to take up and retain neutral red was reduced significanlty 
by lead in both time dependent and concentration dependent manner. Our results are well 
supported by Bussolaro et al. 2008 who showed significant decrease in neutral red dye 
uptake by macrophages at very concentration i.e. 0.2 - 20 ^M. These results showed 
increase susceptibility of lysosomal damage towards lead which might result in decrease 
phagocytosis by macrophages observed in presence of lead and might also play pivotal 
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role in promoting cell death mainly by inducing membrane permiabilization and release of 
death executioners namely cathepsins. Results of increased LDH release from THP-1 cells 
after lead exposure, clearly points towards the above speculation that lead produces 
membrane permiabilization. 
Genotoxicity of lead observed herein by the comet assay and micronucleus induction well 
reported in different biological systems both in vivo and in vitro (Leston et al. 2010). 
Such a genotoxic consequence may be due to a direct effect of Pb (II) on the DNA 
structure, oxidative mechanisms (Stohs and Bagchi, 1995) or also indirectly due to 
another mechanism involving the activation of caspases in the process of cell death (Saleh 
et al., 2003). The increase in cellular ROS (reactive oxygen species) levels due to trace 
metal exposure is one of the factors responsible for oxidative imbalance, DNA damage, 
membrane fragility and dysfrmction that may lead to either cell death or irreversible 
damage (Winston et al., 1996; Brunk and Terman, 2002). In our study we observed that 
lead induces significant DNA damage in a time dependent and concentration dependent 
manner. At the same time we also observed significant increase in ROS production 
concomitant with decrease in cellular glutathione (GSH) levels clearly suggesting 
induction of oxidative stress in monocytes. To identify the role of ROS in DNA damage 
we performed Fpg modified comet assay and observed significant increase in both olive 
tail movement and tail DNA as compared to non Fpg modified comet assay, clearly 
probing the role of ROS in lead induced DNA damage. Our results are well corroborated 
with other studies which showed involvement of ROS in lead mediated genotoxicity. 
(Wozniak and Basiak. 2003; Gargioni et al. 2006). Consistent with the comet assay we 
found significant increases in the MN frequency as detected by the CBMN assay (Fig. 
1.10), which showed a dose-dependence. We also calculated the CBPI, a cytotoxicity 
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index, which reflects the average number of cell cycles undergone by a treated cell (Wang 
et aL 2007). According to the results of CBMN assay, CBPI declined with increasing dose 
of lead, this indicates that cell division is inhibited after exposure to lead. Over all our 
genotoxic study is well supported with some previous studies (Kapka et al. 2007; Shaik 
and Jamil. 2006 & 2009; Khan et al. 2010; Poma et al. 2003; Their et al. 2003; 
Bonacker et al. 2005) which showed genotoxicity of lead both in vivo and in vitro in 
different biological systems using various end points like comet assay, micronucleus assay 
(MN), chromosomal aberrations (CA) etc. 
Previous studies on DNA damage induced by lead had conflicting results regarding to the 
type of DNA damage (Single Strand Breakages (SSBs) or Double Strand Breakages 
(DSBs) caused by lead. In our study we mainly found DSBs in THP-1 monocytes after 
lead exposure which was confirmed through comet assay. Various signalling pathways are 
involved in DNA damage detection, including ATM and ATR. These kinases trigger 
H2A.X phosphorylation through activation of the ATM-p53-mediated cell cycle control 
pathways. These cell cycle check points are mainly chkl/2, which ultimately promote 
activation of p53 after their phosphorylation driven activation. ATM is often activated by 
double-stranded (ds) DNA breaks and larger chromatin changes (Zgrieb et al. 2005), 
while ATR has mosfly been associated with ss DNA breaks and DNA adducts (Serrano 
E. 2007). Phosphorylation of chk2 is considered to be mediated by ATM, while 
phosphorylation of chkl is more related to ATR. In our study, we found that lead 
exposure caused a large activation of both chkl and chk2. This is in accordance with a 
high number of oxidative DNA damage resulting in stalled DNA repair and replication 
forks, thereby triggering activation of ATM. Activation of the chkl/chk2 kinases most 
probably explain the increased phosphorylation and nuclear accumulation of p53 observed 
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following lead exposure to THP-1 monocytes. This is quite interesting as it might signals 
for activation of cell death machinery in THP-1 monocytes which is evident in our study 
(decreased cellular viability) after lead exposure. Other signalling pathways in THP-1 
monocytes affected by treatment with lead that may modulate the different cellular 
processes like proliferation, cytokine production, apoptosis or necrosis are the MAPBCs 
(ERK 1/2, JNK and p38). Activation of these MAPKs are considered to give cell survival 
signals (Downward. 1998; Whiteside. 2008; Roberts. 2007), although there are also 
some contrary reports (Dent et al. 2003; Martin et al. 1999; Campbell et al. 2004). In 
our study we found that lead exposure induces the phosphorylation of mainly ERKl/2 and 
p38 and to some extent JNK. Activation of MAPKs by lead exposiire in THP-1 cells is 
inducing cell survival or cell death pathway remains questionable. It might be also 
possible that these activated MAPKs play either a positive or negative regulatory role in 
the production of proinflammatory cytokines like TNF- a, IL-ip, IL-6 etc, which are 
known to be induced by lead. The results related to the induction double strand breaks 
(DSBs) and activation of ATM-p53 pathway by lead is in clear accordance with the study 
ofGastaldoetal.2007. 
Finally, lead induces cytotoxicity, oxidative stress via GSH depletion and ROS formation 
that led to DNA damage, as well as activation of the DNA damage sensing pathway 
ATM-p53-H2A.X dependent pathway. Moreover, lead induced DNA damage also 
promotes activation of MAPKs and its downstream tiranscription factors (ATF and p21). 
For the best of our knowledge it is the first comprehensive study which shows 
cytotoxicity and genotoxicity of lead on human monocytes. It is quite an important 
scenario as (a) Previous cyto-genotoxic studies of lead dealing with immune cells mainly 
focus on macrophages and no information is currently available on the effect of lead on 
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monocytes (b) Monocytes are the precursor cells for macrophages. It might be suggestive 
from the current study that reduction in monocytes viability via ROS mediated 
genotoxicity ultimately leads towards reduction in number of monocyte population, which 
provide basis for decrease population of monocyte derived macrophages and would result 
in immunosuppresion. 
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Fig. 1.1 : Effect of Pb exposure on cellular viability. THP-1 cells were 
exposed to different concentrations (0.1-100 |JM) of Pb for 6, 24 and 48 hr. 
Cellular viability was measured by MTT assay. Results were calculated by 
averaging three independent experiments. *p < 0.05, when compared to 
control. 
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Fig. 1.2 : Effect of Pb exposure on cellular viability. THP-1 cells were exposed 
to different concentrations (0.1-100 |JM) of Pb for 6, 24 and 48 hr. Cellular 
viability was measured by NRU assay. Results were calculated by averaging 
three independent expehments. *p < 0.05, when compared to control. 
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Fig. 1.3 : Effect of Pb exposure on cellular viability. THP-1 cells were 
exposed to different concentrations (0.1-100 jaM) of Pb for 6, 24 and 48 hr. 
Cellular viability was measured by LDH assay. Results were calculated by 
averaging three independent experiments. *p < 0.05, when compared to 
control. 
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Fig. 1,4 : Effect of Pb exposure on ROS production. THP-1 cells were 
exposed to different concentrations (0.1-100 [iM) of Pb for 1, 3 and 6 hr. 
The % ROS generation of the control cells was considered 100%. Results 
were calculated by averaging three independent experiments. *p < 
0.05, when compared to control. 
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Fig. 1.5 : Effect of Pb exposure on GSH levels. THP-1 cells were 
exposed to different concentrations (0.1-100 |aM) of Pb for 3 and 6 hr. 
Results were calculated by averaging three independent experiments. 
*p < 0.05, when compared to control. 
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Fig. 1.6 : Effect of Pb exposure on lipid peroxidation (LPO). THP-1 
cells were exposed to different concentrations (0.1-100 (JM) of Pb 
for 6hr. Results were calculated by averaging three independent 
experiments. *p < 0.05, when compared to control. 
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Fig. 1.7 : Effect of Pb exposure on oxidative DNA damage as evident by 
measurement of Olive Tail Movement (OTM) both in presence and absence 
of Fpg enzyme. THP-1 cells were exposed to different concentrations (0.1-
100 [iM) of Pb for 6h. Results were calculated by averaging three 
independent experiments. *p < 0.05, when compared to control. 
30 
25 
^ 
•y 
a^  
Withfpg aW/ofpg 
<i- N^ ^ <? K^^  d^  
, / 
.e. 
Fig. 1.8 : Effect of Pb exposure on oxidative DNA damage as evident by 
measurement of % Tail DNA (% TDNA) both in presence and absence of Fpg 
enzyme. THP-1 cells were exposed to different concentrations (0.1-100 |iM) of 
Pb for 6hr. Results were calculated by averaging three independent 
experiments. *p < 0.05, when compared to control. 
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(Arbitrary Units) 
0.95 ±0.10 
1.23 ±0.98 
1.35 ±0.35 
1.57 ±0.13 
1.94 ±0.29 
2.17 ±0.17 
2.81 ±0.21 
8.26 ±0.32 
8.70 ± 0.59 
9.12 ±1.96 
10.7 ±1.83 
12.5 ±2.12 
14.7 ±2.74 
20.85 ±2.51 
f^'i-f:--^- ' J ^ ^ ^ ^ ^ H 
22.09 ±4.84 
22.75 ±4.96 
29.32 ±7.99 
32.64 ± 9.04 
36.29 ±9.02 
43.23 ±7.18 
49.25 ±12.23 
Table 1: Effect of Pb exposure on DNA damage as evident by measurement of 
Olive Tail Movement (OTM), % Tail DNA (%TDNA)and Tail length (TL). THP-1 
cells were exposed to different concentrations (0.1-100 |JM) of Pb for 6h. 
Results were calculated by averaging three independent experiments. 
*p < 0.05, when compared to control. 
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Fig. 1.9: Representative photographs showing DNA damage induced by 
Pb in THP-1 monocytes (a) Control (b)10|jM (c) 50|JM (d)100|jM 
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Fig. 1.10 : Effect of Pb exposure on micronucleus frequencies. THP-1 cells 
were exposed to different concentrations (0.1-100 |JM) of Pb for 6hr. Results 
were calculated by averaging three independent experiments. *p < 
0.05, when compared to control. 
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Fig.1.11: Representative photographs of micronucleus induced by Pb (I) 
Binucleated cells with micronucleus (II) mononucleated cell with 
micronucleus. Arrow indicates the micronucleus. 
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Fig. 1.12 : Effect of Pb on activation of DNA damage signalling pathway. 
THP-1 cells were treated with Pb (100 pM) for 24h. Cell lysates were 
separated by SDS-PAGE and immunoblotted with various antibodies of 
DNA damage signalling proteins. 
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Fig. 1.13: Pb induces the phosphorylation of (A) ERK1/2, (B) JNK, and (C) 
p38 in THP-1 cells. THP-1 cells were treated with Pb (100 pM) for 0 min-
24hr. Cell lysates were separated by SDS-PAGE and immunoblotted with 
ERK1/2, Phospho ERK1/2 (Thr202/ Tyr204), JNK, Phospho-JNK (ThrlBS/ 
Tyr185), p38 and Phospho-p38 (Thr180/Tyr182) antibodies. 
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Fig. 1.14 : Effect of Pb on activation of MAPKs downstream transcription factors. 
THP-1 cells were treated with Pb (100 |JM) for 24hr. Cell lysates were separated 
by SDS-PAGE and immunoblotted withi various antibodies. 
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Running Title: Lead augments TNF-a via ERKl/2 pathway 
Executive Summary 
Induction of tumor necrosis factor-a (TNF-a) in response to lead (Pb) exposure has 
been implicated in its immimotoxicity. However, the molecular mechanism by which 
Pb upregulates the level of TNF-a is wagely known. An attempt was therefore made to 
elucidate the mechanistic aspect of TNF-a induction, mainly focusing transcriptional 
and post transcriptional regulation via mitogen activated protein kinases (MAPKs) 
activation. We observed that exposure of Pb to human monocytic THP-1 cells resulted 
in significant enhanced production of TNF-a m-RNA and protein secretion. Moreover, 
the stability of TNF-a m-RNA was also increased as indicated by its half life. Notably, 
activation of ERK 1/2, p38 and JNK in Pb exposed THP-1 was also evident. Specific 
inhibitor of ERKl/2, PD 98059 caused significant inhibition in production and stability 
of TNF- a m-RNA. However, SB 203580 partially inhibited production and stability of 
TNF- a m-RNA. Interestingly, a combined exposure of these two inhibitors completely 
blocked modulation of TNF-a m-RNA. Data tends to suggest that expression and 
stability of TNF-a induction due to Pb exposure is mainly regulated through ERK. 
Briefly, these observations are useful in understanding some mechanistic aspects of 
proinflammatory and immunotoxicity of Pb, a globally acknowledged key 
environmental contaminant. 
1. Introduction 
Lead (Pb), a well known hazardous material, has been in use in innumerable products of 
industrial as well as domestic kinds since very long, thus resulting contamination of 
each compartment of environment and worldwide exposure to human of any life style. 
Earlier studies had established the negative impact on different biological systems 
towards Pb exposure e.g. neurological, haematological, reproductive etc., however 
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immune system is one of the most sensitive among them. Pb has the ability to induce 
immunosuppression and reduce host resistance towards infectious diseases. Phagocytic 
cells (macrophages and monocytes) have been known as a significant target during Pb 
mediated immunotoxicity (Dietert & Piepenbrink., 2006). Earlier research related to 
immunotoxicity of Pb had served to highlight that many host problems (e.g. 
neurological, cardiac, renal, reproductive) arising fi-om exposure to Pb may ultimately 
trace back to Pb -induced changes in myelomonocytic-derived cell population. Pb 
impairs several aspects of phagocytic cell functions including adherence, chemotaxis 
(Villanueva et al., 1997a & b), and clearance of intracellular pathogens (Bishayi & 
Sengupta., 2003). Moreover, Pb has also been shown to inhibit nitric oxide production 
in both myeloid as well as myeloid suppressor cells (Tian & Lawrence., 1996; Farrer 
et aL, 2008). 
The generation of inflammatory responses is a key event of host defense system. 
Monocytes play important role in, tightly regulated process, at least in part, via the 
secretion of proinflammatory cytokines, mainly tumor necrosis factor-alpha (TNF-a), 
interleukin (IL)-ip and IL-6. TNF-a is one of the principal mediators of the 
inflammatory responses in mammals, transuding deferential signals that regulate 
activation, proliferation and apoptosis at cellular levels (McMullen et al. 2003). Earlier 
studies identified the capacity of Pb to increase production of various pro-inflammatory 
cytokine mainly TNF-a among phagocytic cells of both animal and human (Cohen et 
al., 1994; Santarelli, et al., 2003; Cheng et al., 2006; Lorenzo et al., 2007; Valentino 
et al., 2007), While the production of TNF-a can be elevated following exposure to 
lead, the expression of the receptor for TNF-a was also increased during the in vitro 
exposure of human blood monocytes to PbCli (Guo et al., 1996). Therefore, the 
combined effect of elevated cytokine production by macrophages and of increased 
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receptor expression would be expected to contribute to problematic inflammatory 
responses. In addition to this Pb-induced effect seem to be also involved in elevated 
production of the other major pro-inflammatory cytokines i.e. IL-ip and IL-6 (Yucesoy 
et al., 1997; Dyatlov & Lawrence., 2002). 
Proinflammatory cytokines induction is tightly regulated act through receptor-
dependent signalling cascades that diverge into multiple pathways, including each of the 
three mitogen-activated protein kinases (MAPK): extracellular-regulated kinase 
(ERKl/2), stress-activated protein kinase/c-jun N-terminal kinase (SAPK/JNK), and 
p38 (Kishore et al., 2001). While each of these signalling pathways contributes to the 
activation of gene transcription, their role in controlling gene expression at the level of 
mRNA stability is not well understood. Although the majority of studies suggest that 
mRNAs encoding for proinflammatory genes including, TNF-a, cyclooxygenase-2, IL-
6, and IL-8 are stabilized upon activation of the p38 and ERKl/2 MAP kinase pathway 
(CampbeU et al., 2004; Mogensen et al., 2009; Crittenden & Phlllpov., 2008; Xing 
et al., 2010). These MAPK-mediated stabilization is dependent on AU-rich elements 
(ARE) sequences in the 3'-untranslated region (UTR) of respective genes, suggesting 
that AREs not only confer instability on mRNAs, but they also allow mRNA 
stabilization following activation of MAPK pathway (Lasa et al., 2001). Despite the 
suggested role of TNF-a in the pathogenesis of various inflammatory disease, the 
mechanisms by which Pb exposure increases TNF-a expression are not well 
understood. Pb had the capability to modulate the activity of several important 
signalling molecules including ERKl/2 , p38 MAPK and JNK (Lu et al., 2002; Lin et 
al., 2003; Cordova et al., 2004; Posser et al., 2007 ). However, it is not known 
whether changes induced by Pb in these pathways can modulate TNF-a transcription 
and/or translation in phagocytic cells. 
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In view of the importance of TNF-a in inflammatory diseases and the potential for it to 
be upregulated by Pb, it is critical to understand how Pb induces expression of this 
cytokine at the molecular level. The purpose of this study was to test the hypothesis that 
Pb-induced activation of MAPKs mediates transcriptional and posttranscriptional 
upregulation of TNF-a expression. More specifically, the effects of Pb on ERKl/2, p38, 
and JNKl/2 activation, TNF-a m-RNA stability and TNF-a protein production were 
assessed in human monocytes THP-1 cells. 
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2. Materials and Methods 
2.1. Reagents. Cell culture reagents were from Life Technologies, Inc. (Grand Island, 
NY). Kinase inhibitors PD-98059 (2'-aniino-3'-methoxy flavone) and SB-203580 (4-
(4-Fluophenyl)-2-(4 methylsulfinyl phenyl)-5-(4-pyridyl)lH-iniidazole) were purchased 
from Calbiochem (San Diego,CA). Lead acetate, LPS (E.coli serotype 055:B5), 
Actinomycin D and p-actin antibody were from Sigma Aldrich (St.Louis, Mo). (a-^ ^P) 
dCTP was purchased from ICN Pharmaceuticals (Irvine, CA). Specific anti-phospho 
ERK (Thr202/Tyr204), anti-phospho JNK (Thrl83/Tyrl85), anti-phsoho p38 
(Thrl80/Tyrl82) anti-ERK, anti-JNK anti-p38 were obtained from Cell Signalling 
Technology (Beverly, MA) and were used in the ratio of 1:1000 in all experiments. 
Horseradish peroxidase- conjugated goat anti-rabbit and anti-mouse secondary 
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and were 
used in ratio of 1:500 in all experiments. Ribonuclease Protection Assay (RPA) kit and 
reagents were purchased from BD pharmigen (San Diego, CA). The rest of the 
chemicals used in the study were of analytical grade of purity and procured locally. 
2.2. Cell culture. The human promonocytic cell line THP-1 was purchased from 
National Centre for Cell Sciences, Pune, India. Cells were cultured in RPMI 1640 
medium supplemented with 10% heat-inactivated fetal calf serum, 50U/ml penicillin, 
and 50 ^g/ml sfreptomycin at 37°C in 5% CO2 incubator. Cells were maintained at a 
density of 5x10^ to 1x10^  cells/ml, and used in log-phase of growth between the ninth 
and eighteenth passages. These cells express various receptors that are found in normal 
monocytes and have been used as a model system for monocyte/macrophage biology 
(Saad et al., 2008). 
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2.3. 3-[4,5-dimethylthiazol-2-yll-2,5 diphenyltetrazolium bromide (MTT) assay. 
The tetrazolium dye, MTT, is widely used to assess the viabihty and/or the metabolic 
state of the cells. The MTT-colorimetric monocyte mediated cytotoxicity assay, based 
upon the ability of living cells to reduce MTT into fonnazan by mitochondrial succinate 
dehydrogenase in viable cells. Twenty-four hours after cell seeding, cells were 
incubated with varying concentrations of Pb (0.1-lOOnM) for 6 and 24 h at 37°C. 
Following the removal of the exposure from eadi well, cells were washed in phosphate-
buffered saline (PBS). The cells were then incubated in serum-free RPMI to which 
MTT (0.5 mg/ml) was added to each well (100 nl) and incubated for a further 4 h. Then 
the medium was removed and the cells were incubated for 15 min with 100 \i\. of acidic 
isopropanol (0.08N HCl) to dissolve the formazan crystals. The absorbance of the MTT 
formazan was determined at 570nm in an ELISA reader (Synergy HT Biotek, USA). 
Viability was defined as the ratio (expressed as a percentage) of absorbance of treated 
cells to unfreated cells. 
2.4. RNA isolation from THP-1 cells for RT-PCR. Total RNA was extracted from 
cells culture using the TRIzol system (Sigma, USA), in accordance with the 
manufacturer's instructions. In brief, cDNA was prepared using RNA samples (3-5 )ig) 
to which 1 ng oligo(dT)i8, 0.5 mM dNTP, and 200 U of Revert Aid™ H Minus M-MuL 
V RT enzyme (MBI, Fermentas, USA) were added. The gene specific primers used 
were synthesized by are listed in Table 1. The PCR products identified by 1% agarose 
gel elecfrophoresis were analyzed using IS 1000 image analysis system (Alpha Innotech, 
San Leandro, CA, USA). All samples were analyzed in triplicate. 
2.5. Total cell lysate preparation. Following treatment to the cells, the mediimi was 
aspirated and the cells were washed twice witti cold PBS (10 mM, pH 7.4). Ice-cold 
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lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM 
NaF, 100 mM Na3V04, 0.5% NP-40, 1% Triton X-100, 1 mM PMSF, 10 ^g/mL 
aprotinin, 10 ^ g/mL leupeptin, pH 7.4) was added to the plates, which were then placed 
over ice for 30 min and then the lysate was collected in a microfuge tube. The lysates 
was cleared by centrifugation at HOOOxg for 15 min at 4''C and the supernatant (total 
cell lysate) was either used immediately or stored at -80°C. 
2.6. Western blotting. Western blotting was carried out according to method of 
Towbin et al. (Towbin et al., 1979) with some modifications. Proteins (100 jag) were 
resolved on 10-12% SDS-PAGE and then electroblotted onto nitrocellulose membranes. 
The blots were blocked overnight with 5% nonfat dry milk and probed with different 
primary antibodies at dilutions recommended by the suppliers. Further immunoblots 
were detected by horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG using 
chemiluminiscence kit and visualized by Versa Doc Imaging System (Biorad, CA, 
USA). To quantify equal loading, membrane was reprobed with P-actin antibody. Data 
are presented as the relative density of protein bands normalized to p-actin. 
Densitometric measurements of the bands were done with digitalized scientific software 
program, UN-SCAN-IT, purchased from Silk Scientific Corporation (Orem, UT, USA). 
2.7. Probe synthesis. The human TNF-a cDNA clone was purchased from American 
Type Culture Collection and grovm in Luria-Bertani broth (Himedia, hidia.) containing 
ampicillin (50 |xg/ml; Sigma) or tetracycline (20 fig/ml; Sigma), respectively. Plasmid 
containing the TNF-a was isolated using the QIAprep spin nuniprep kit (Qiagen, 
Valencia, Calif.) and subsequently digested with restriction endonucleases (New 
England Biolabs, Beverly, Mass.) Hindlll and Aval Digestion of the TNF-a cDNA 
resulted in a 578-bp fragment containing 450 bp of the TNF-a coding region as well as 
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128 bp of the 3' -UTR. Fragments were visualized with ethidium bromide after 
electrophoresis of the digests into 1.2% agarose gels. The 578-bp DNA fragment was 
excised and purified using the QIAquick gel extraction kit (Qiagen). Approximately 25 
ng of the TNF-a fragments were resuspended in sterile water for use in [a-^ ^P] dCTP 
random primer labeling reactions employing the Rediprime II kit (Amersham 
Pharmacia Biotech Inc., Piscataway, N.J.). A 316-bp human GAPDH DNA probe 
(Ambion, Inc., Austin, Tex.) was also randomly prime labeled using the Rediprime II 
kit to detect GAPDH mRNA that served both as a mRNA stability control and loading 
control. 
2.8. Northern blot analysis. Total RNA from THP-1 cells was extracted using the 
TRIzol reagent (Gibco Life Technologies) as per manufacturer's protocol. Following 
extraction, total RNA samples (10-15 ng) were electrophoresed into 1% 
agarose/formaldehyde gels at 50 V for 1.5 h and then transferred to positively charged 
nylon membranes up to for 3 h. Transferred RNA was than cross-linked to membranes 
using a UV cross-linker (Bio-Rad, Hercules, Calif.). Membranes were washed in 2x 
SSC (Ix SSC is 0.15 M NaCl plus 0.015 M sodium cifrate)-0.5% SDS for 30 to 60 min, 
after which they were pre-hybridized at 42°C for 3h with salmon testes DNA (Sigma) in 
a pre-hybridization solution of 50% formamide (Sigma) and 10% SDS (Sigma). Now 
radiolabeled probes were then added to the hybridization buffer overnight at 42°C. 
After hybridization, blots were again rinsed with 2x SSC (wifli 1% SDS) for 15 min at 
room temperature, and then washed once with O.lx SSC (with 1% SDS) for 30 min at 
60°C. Blots were then dried briefly and TNF-a and GAPDH mRNA were visualized by 
autoradiography and quantified using a Phosphorlmager and hnageQuant software 
(Molecular Dynamics, Suimyvale, CA) and corrected by reference to the corresponding 
GAPDH reading to compensate for slight variation in loading. 
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2.9. Ribonuclease protection assay. Total RNA from THP-1 cells was extracted using 
the TRIzol reagent (Gibco Life Technologies) as per manufacturer's protocol. For 
mRNA stability experiments, cells were further cultured in the presence or absence of 
Actinomycin D (10 i^g/ml) for the mdicated times following Pb treatment before RNA 
was isolated. For some experiments THP-1 cells were pretreated with either 20 ^M 
SB203580 or 25 i^M PD98059 before Pb stimulation and RNA isolation. Previously 
synthesized riboprobe for TNF-a was used and RPAs were carried out following the 
manufacturer's instructions. Samples were run on 5% sequencing gels, dried, and 
autoradiographed (Molecular Dynamics, Sunnyvale, CA). 
2.10. TNF-a protein quantification. The extracellular medium was centrifuged at 
250xg for 10 min and the supernatant was stored at -20°C. For determination of 
intracellular TNF-a content, cells were lysed, centrifuged and the supernatant was 
stored at -20 °C. TNF-a was analyzed usmg a commercial ELISA kit (BIOSOURCE, 
Camarillo, CA). 
2.11. Statistical analysis. The data were analyzed to obtain mean values and standard 
deviation for all treated and vehicle control samples, which were subjected to statistical 
comparison using student-t-test, p<0.05 was considered as significant. 
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3. Results 
3.1. Pb treatment alters cellular viability. The human monocytic cells THP-1 were 
exposed to increasing concentration of Pb (0.1-100 pM) for different time periods (6 
and 24 hr). The results showed that the exposure concentration of 100 p,M or less had 
only mild effect on cellular viability i.e. more than 80% were found to be live in all time 
periods (Figure 2.1). Based on the above results we used exposure doses less than 100 
|AM throughout the study. 
3.2. Pb treatment upregulates m-RNA levels of TNF- a and other pro-
inflammatory cytokines. We initially analyzed the m-RNA levels of TNF-a and other 
pro-inflammatory cytokines (IL-ip and IL-6) by RT-PCR. As indicated in Figure 2.2A, 
Pb treatment for 24 hrs enhanced TNF-a, IL-ip and IL-6 m-RNA expression levels. 
Similar results were observed when LPS (200 ng/ml) was used, as a typical pro-
inflammatory agent. Further analysis of time course of TNF-a m-RNA induction in Pb 
exposed monocytes indicated that exposure period range 3-6hr was enough to get a 
maxunal increase, where 12hr exposiire had shown less decrease, however longer 
exposure periods (>12hr) lead to a diminished upregulation (Figure 2.2B). Furthermore, 
we had also analyzed the dose-response of TNF-a m-RNA upregulation by Pb. As 
clearly shown in Figure 2.2C, the dose of 10 to 100 |j,M increased TNF-a m-RNA level 
in a concentration dependent manner. On the contrary, low doses of Pb (less than 10 
HM) had shown no significant effect on TNF-a m-RNA level (data not shown). Similar 
observation was recorded in TNF-a production at protein levels also (Figure 2.2D). 
3.3. Pb treatment activates various MAPKs in THP-1 monocytes. We analyzed the 
possible signaling mechamsm that could be involved in Pb mediated TNF-a regulation. 
For this, we studied the activation of the three major types of MAPKs i.e. ERKl/2, p38 
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and JNK. Primarily it was found that Pb constituently activated the ERKl/2 pathway in 
THP-1 cells. As evident from the western blotting experiments, Pb clearly enhanced 
ERKl/2 phosphorylation highest at 120 min. The phosphorylation pattern clearly 
indicated a gradual mcrease in phosphorylation over the time up to 120 min, however 
the phosphorylation tends to decreased onwards i.e. 240 min (Figure 2.3A). The 
exposure of Pb modified the levels of total JNK but a slight increase in phosporylated 
form of JNK at 30 min, which was abolished (Figure 2.3B) witii time. Interestingly, the 
phosphorylation pattern of p38 was also similar to that of ERKl/2 as apparent in Figure 
2.3C. In all the cases Ihr LPS exposure (200ng/ml) was used as a positive control, 
which displayed a marked activation of all the three MAPK's. 
3.4. Inhibition of ERK phosphorylation decreases TNF- a m-RNA levels. To iurther 
determine the role of ERKl/2 and p38 phosphorylation in Pb mediated upregulation of 
TNF-a m-RNA levels, we investigated the effects of MAPK inhibitors namely PD-
98059 for ERKl/2 and SB-203580 for p38. The inhibition of ERKl/2 phosphorylation 
by applying PD-98059 (25p,M) in Pb- treated monocytes clearly abolished the 
upregulation of TNF-a m-RNA. Moreover, very less or non significant inhibition of 
TNF-a m-RNA was also observed in presence of SB-203580 (20 i^M) (Figure 2.4). In 
order to specify RT-PCR results, we performed Northern blot analysis, which showed 
significant inhibition of TNF-a m-RNA in presence of ERKl/2 inhibitor (PD 98059), 
however p38 inhibitor showed less effect (Figure 2.5A & B). We fiirther analyzed the 
combinatorial effect of both MAPK inhibitors in combination on TNF-a m-RNA level; 
which showed nearly complete attenuation of TNF-a m-RNA level (Figure 2.6). 
However, no loss of human monocytic cells viability was observed at the concentrations 
of inhibitors used. 
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3.5. Effect of MAPK inhibitors on TNF-o production. The different MAPK 
inhibitors were also used to determine whether activation of ERKl/2 or p38 modulated 
the Pb induced TNF-a protein production. Cells were incubated with Pb alone and in 
presence of inhibitors (PD 98059 and SB 203580) for 24 hr and TNF-a secretion was 
assessed by ELISA. Pb (SO i^M) induced TNF-a production was inhibited in a 
concentration dependent fashion at 24hr by both inhibitors (Figure 2.7A and B). 
Moreover, in the presence of JNK inhibitor SP 600125 (lOuM), LPS induced TNF-a 
production was significantly reduced whereas Pb induced TNF-a production was not 
affected (data not shown). 
3.6. Effect of MAPK inhibitors on Pb- induced TNF-a m-RNA stability, hi order to 
find out the exact mechanism that how Pb increases the TNF-a m-RNA levels it was 
essential to perform the studies that reflect the effect of Pb on TNF-a m-RNA stability. 
For, this TNF-a expression was induced by adding LPS (l|ag/ml) in culture for 3hrs and 
then stability of its m-RNA was assessed in presence or absence of inhibitors. m-RNA 
was isolated at different time intervals (60, 120 and 240 min) after treatment with Pb 
alone or Pb + MAPK inhibitors in presence of Actinomycin D (lO^g/ml),. Actinomycin 
D treatment suppressed TNF-a m-RNA expression at each time interval, resulting in a 
TNF-a m-RNA half life of 49 mins (Figure 2.8A). Expression of housekeeping GAPDH 
m-RNA was not changed by Actinomycin D treatment. The presence of Pb increased 
TNF-a m-RNA stability, resulting in a TNF-a m-RNA half life upto 240 min. When the 
ERKl/2 inhibitor PD 98059 (25nM) was co-incubated with Actinomycin D and without 
Pb treatment, m-RNA half life decreased fi-om 49 to 15 min. The result referred to 
suggests that ERKl/2 is required to stabilize TNF-a m-RNA in non Pb treated cells. 
Similarly, Pb mediated TNF-a m-RNA half life (upto 240 min) was also reduced to 27 
min in the presence of ERKl/2 inhibitor. Moreover, when we compared the percentage 
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of remaining TNF-a m-RNA both in absence and presence of ERKl/2 inhibitor, we 
observed clear involvement of ERKl/2 in Pb induced TNF-a m-RNA stability. 
Similarly, we employed SB203580 (20^M) to investigate whether p38 pathway is 
involved in Pb induced TNF-a m-RNA stabilization. Actinomycin D treatment resulted 
in a TNF-a m-RNA half life of 49 min (Figure 2.8B). When the inhibitor was co-
incubated with Actinomycin D and without Pb treatment, TNF-a m-RNA half life was 
reduced to 36 min. These results indicated that p38 activation could also be involved in 
stabilizing the TNF-a m-RNA. Pb {50\M) increased the TNF-a m-RNA half hfe upto 
240 min. This increased half life was reduced to 62 min in presence of SB 203580. The 
above results clearly suggested that Pb induced TNF-a m-RNA stabilization was also 
significantly regulated by p38. 
4. Discussion 
It is a well known that pleiotropic cytokines such as TNF-a are produced predominantly 
by activated monocytes, macrophages and lymphocytes and plays a central role in 
inflanmiation. In the present study we found significant induction of TNF-a both at m-
RNA and protein levels firom monocytes exposed to Pb. We had also observed higher 
m-RNA levels of other proinflammatory cytokines i.e. IL-ip and IL-6. Our results are 
in clear agreement with the previous reports that have reported significant induction in 
different proinflammatory cytokine levels after Pb exposure either in vitro or in vivo 
(Clieng et al., 2004; hemdan et al., 2005; Flohe et al. 2001; Li et al., 2009). 
The MAPK signal transduction pathways are critical regulators for inducing 
inflammatory gene expression after exposure to different types of mitogens. Moreover, 
MAPKs could directly target the RNA polymerase II complex to bring about 
transcriptional activation of proinflammatory cytokines such as TNF- a at the promoter 
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level (Chung & Adcock., 2005; Jeffrey et al., 2006). These mechanisms axe 
fundamental in the initiation of inflammatory responses. We have observed that 
ERKl/2 and p38 were significantly activated in Pb exposed monocytes and that the 
MAPKs mediated induction of TNF-a, is mainly via ERKl/2 mediated pathway. To 
further prove the role of activated ERKl/2 and p38 in induction of TNF-a m-RNA, we 
suppressed the phosphorylation of ERKl/2 by using PD-98059, which specifically 
block the phosphorylation of ERKl/2, by inhibiting phosphorylation of MEKl/2. We 
found that inhibition of ERKl/2 results in significant ablation of TNF-a m-RNA, 
whereas inhibition of p38 by specific inhibitor SB-203580 also substantially decreases 
the TNF-a m-RNA. When both of the inhibitors were used in combination, TNF-a m-
RNA levels were completely diminished. Based on the above intriguing facts it is 
evident that ERK mainly regulate TNF- a production at ti-anscriptional levels in Pb 
exposed monocytes. However we did not deny the fact, p38 also played a significant 
role in regulating the TNF-a production in Pb exposed monocytes. Our study is in clear 
coordination with other studies that have shown ERKl/2 dependent induction of TNF-a 
at both transcriptional and post-transcriptional levels (Dumitru et al. 2000; Means et 
al., 2000; Cheon et al., 2007). It has also gained strength firom another report, which 
has established the role of other MAPKs i.e. p38 and JNK, in regulating TNF-a 
production at both translational and post-translational levels (Brook et al. 2000; 
Mahtani et al., 2001; Swantek et al., 1997; Westra et al., 2004 ). 
Investigations into the post-transcriptional contirol of TNF-a have focused on the 
importance of ARE present in the UTR of TNF-a RNA as a critical region involved in 
tiie regulation of TNF-a message stability and translation (Kontoyiannis et al., 1999; 
Espel., 2005). In unstimulated cells, the TNF-a message is unstable and translationally 
repressed, preventing TNF- a protein production (Baseggio et al., 2003). In response to 
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mitogen mediated stimulation, such as by LPS, the TNF-a message is stabilized and 
translation is de-repressed, allowing for the rapid production of TNF-a (Zhang et al., 
2001; Chen et al., 2006). In the present study we observed increased stability of TNF-
a m-RNA after Pb exposure. Moreover the TNF-a m-RNA stability was dependent on 
ERKl/2 activation, because blocking of the ERK phosphorylation resulted in decreased 
stability of TNF-a m-RNA. Furthermore, the TNF-a m-RNA stability tends to decrease 
further when ERK and p38 inhibitors were used in combination with Pb. Our results 
demonstrated the inhibition or complete ablation of TNF-a m-RNA stability either by 
ERKl/2 alone or by combination of both inhibitors, which is consistent with the earlier 
reports (Rutault et al., 2001; Deleault et al., 2008). In addition, nuclear export of TNF-
a m-RNA is also a regulated event requiring ARE as well as an intact Tpl2/ERK 
signaling pathway. Unlike the Raf-1/ERK pathway, which mainly responds to 
mitogens, Tpl2 signaling is activated by TLR or proinflammatory cytokine stimulation 
(Eliopoulos et al., 2003). Although, precise mechanism involved in the induction of 
TNF- a levels by Pb is not yet known, ERKl/2, which is getting activated by Pb, has 
been shown to regulate TNF- a production in several ways. It has been reported that the 
stimulation of macrophages by LPS results in increased ERKl/2 phosphorylation as 
well as increased nuclear transport of TNF-a m-RNA, which in turn enhances TNF-a 
production (Skinner et al., 2008). It has also been shown recently that selective 
blocking of the ERKl/2 phosphorylation (at MEKl/2) does not have significant effect 
on the pre-TNF-a production (an immature form of TNF-a), but secretion of the mature 
TNF-a was reduced markedly fi-om macrophages exposed to LPS (Rousseau et al., 
2008). Thus ERKl/2 appears to play role in the regulatory mechanisms that are 
responsible for the maturation of TNF-a prior to its secretion. Since inhibition of 
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ERKl/2 and p38 decreases the TNF-a secretion in Pb exposed monocytic ceils, it is be 
possible that a similar mechanism operates through Pb, in this case. 
In summary, we had mainly focussed on the activation of MAPKs and their regulatory 
effect on the TNF-a production at transcriptional level after Pb exposure in human 
monocytic cells. Several studies have suggested regulatory role of MAPKs in 
proinflanMnatory cytokines production after Pb exposure (Cheng et al., 2004; Flohe et 
al., 2002) in other cell systems (glioma and hippocampal) rather than phagocytic cells. 
Moreover, Guo et al., (1996) have provided initial clues for the transcriptional and 
posttranscriptional regulation of TNF-a production from phagocytic cells but the study 
lacks information regarding the regulatory role of MAPKs in TNF- a production. We 
for the first time have shown the regulatory role of MAPK's in TNF- a production in Pb 
exposed human phagocytic cells. Clearly, studies are required to increase our 
understanding about the role of other important signalling molecules (MAPKK's and 
MAPKKK's) and transcription factors (Nf-KB, EGR-1, c-Fos etc) in ERKl/2 mediated 
induction of TNF-a production in Pb exposed monocytic cells to completely dissect the 
molecular mechanism of TNF-a induction at both transcriptional and posttranscriptional 
levels. 
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Fig. 2.9: Hypothetical proposed mechanism for induction of TNF-a by Pb in human 
monocytes. 
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Fig. 2.1: Effect of Pb exposure on cellular viability. THP-1 cells were 
exposed to different concentrations (0.1-100 [xM) of Pb for 6 and 24h. 
Cellular viability was measured by MTT assay. Results were calculated by 
averaging three independent experiments. 
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Fig. 2.2: (A) THP-1 cells were treated by Pb (50 pM) and LPS (200 ng/ml) for 
indicated time. m-RNA levels of TNF-a, IL-ip and IL-6 were than analyzed by RT-
PCR. TNF-a expression in response to Pb in THP-1 cells (B) Time dependent (C) 
and Dose dependent. (D) TNF-a secretion analyzed by ELISA. All the data are 
representative of three independent experiments. Asterisks indicate significant 
changes as compared with the control (*P<0.05). 
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Executive Summary 
In previous chapter we showed induction of pleiotropic cytokines mainly TNF-a from 
THP-1 monocytes after Pb exposure and also its molecular mechanism. In the current 
chapter we demonstrated whether this TNF-a is involved in cell death observed in 
THP-1 monocytes. Data showed programmed necrosis or necroptosis as major cell 
death form in THP-1 monocytes as evident by decrease in cell death in presence of 
necrostatin-1, a well known inhibitor of programmed necrosis after Pb exposure. We 
provided clear evidence that Pb-induced necroptosis in THP-1 monocytes is dependent 
on autocrine production of tumor necrosis factor-a (TNF- a) at the transcriptional 
level. We identified involvement of mitochondria during necroptosis as evident from 
depolarization in mitochondrial membrane potential, which was mediated through 
enhanced TNF- a production as evident through decrease in mitochondrial membrane 
depolarization after pretreatment with either anti- TNF- a or Neutralizing TNFRl 
antibodies. Moreover we observed both ERKl/2 and p38 as upstream signals for 
inducing programmed necrosis in THP-1 monocytes. The involvement of ROS was 
also observed in cell death as BHA pretreatment reduces cell death. Cathepsins are 
found as executioners of cell death as cathepsin activity blocker CA-074 Me decreased 
cell death. Autophagy was evident during TEM analysis of cell death in THP-1 
monocytes after Pb treatment. Blocking of autophagy by inhibitor 3 methyl adenine 
(3MA) results in significant reduction of cell death, clearly pointing the positive role 
of autophagy in TNF- a mediated necroptosis. Conclusively, we for the first time 
showed Pb induced programmed necrosis in monocytes and it is mediated TNF-
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o/ROS/Autophagy axis. Never the less MAPKs act as upstream regulators of cell 
death. Our results had shown that TNF- a mediated death of myeloid precursor cells 
might act as one of the most important factors in immunosuppresion observed during 
Pb exposure. 
1. Introduction 
Pb, a toxic contaminant metal used in many important industrial processes, is widely 
used in batteries, paints, varnishes, gasoline, pipe covering, and welding, etc. Because 
of its high persistence in the enviroimient, exposure to Pb has become a major public 
health concern worldwide (Khan et al., 2010). Recent literature has addressed the 
impact of low to moderate levels of Pb on different biological systems i.e. Neuronal, 
Hepatic, Renal etc. However, the immime system appears to be one of the most 
sensitive systems to the toxic effects of Pb (Lawrence and McCabe., 2002; Sarasua 
et al., 2000; Zelikoff et al., 1994). Major changes in immune system are Pb-induced 
skewing of immune responses, has the potential to alter the incidence of asthma, 
autoimmimity, infectious diseases, or cancer. Clearly, such changes could have a 
significant impact on quality of life (Dietert et al., 2004). However there are three 
major hallmarks of Pb-induced immimotoxicity. First, Pb can dramatically suppress 
the Thl- dependent DTH response, as well as production of associated Thl cytokines. 
A second hallmark is that Pb can dramatically elevate production of IgE while 
increasing production of Th2 cytokines such as IL-4. The third group of functional 
changes, and perhaps the most sensitive, is the modulation of phagocytic cells by Pb. 
Macrophages along with other phagocytic cells such as DCs form networks of 
phagocytic cells throughout most tissues sometimes referred to as the mononuclear 
phagocyte system (MPS) ,and play major roles in development, scavenging, 
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inflammation, and anti-pathogen defenses. The MPS was initially defined as a 
population of cells, derived fi-om a bone marrow progenitor, that differentiate and 
enter the blood as monocytes and then enter tissues to become resident tissue 
macrophages and antigen-presenting cells (Geissmann et al., 2009). Previous reports 
suggest that after exposure to Pb, macrophages significantly increase production of the 
proinflammatory cytokines TNF-« and IL-6 (and in some studies IL-1). In many 
studies they also had elevated release of ROIs and prostaglandins. Ironically, 
production of one of the most important host defense factors, NO, is consistently and 
severely suppressed by exposure to Pb. Moreover, the major functional shifts in irmate 
immune system occur mainly due to pronounced losses of phagocytic cell populations. 
Many scientific reports had shown cell death of both types i.e. apoptosis or necrosis of 
different immime cell types after Pb exposure (Shabani and Rabbani., 2000; 
Sengupta and Bishayi., 2002; Gargioni et al., 2006; Yedjou et al., 2010).However, 
the mechanism underlying is still largely unknown. 
Monocytes represent 10% of leukocytes in human blood and 4% of leukocytes in 
mouse blood. Primarily, monocytes play an important role in development and 
homeostasis, in part via the removal of apoptotic cells and scavenging of toxic 
compoimds (Geissmann et al., 2009). However, indeed, the best known function of 
monocytes is to act as a major systemic reservoir of myeloid precursors for the 
renewal of macrophages. Most of the previous studies regarding to the deleterious 
effect of Pb toxicity on immune cells had mainly focused on the macrophages, 
however little or no concern had been given to monocytes which ultimately produces 
macrophages via differentiation in presence of different stimulus. It is a well known 
that pleiotropic cytokines such as TNFa are produced predominantly by activated 
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monocytes, macrophages and lymphocytes and plays a central role in inflammation. 
TNFa is capable of triggering multiple signalling pathways to regulate various 
physiological and pathological cellular processes. One important biological fimction of 
TNFa is to induce apoptosis by the extrinsic pathway. On the other hand, TNFa has 
also been demonstrated to trigger programmed necrosis, or necroptosis, in a number of 
cell types. Previous scientific literature clearly showed induction of TNFa (at both 
translational and secretary levels) by phagocytic cells after Pb exposure (Guo et al., 
1996). However still no studies had shown the role of TNFa/ TNFRl signalling in 
phagocytic cell death after Pb exposure. So based on the above intriguing facts we 
mainly aimed to study the effect of Pb toxicity on these precursor cells (monocytes). 
Moreover, we had also provided initial clues regarding to the molecular mechanisms 
involved in cell death after during Pb mediated immunotoxicity, which was not very 
well known in previous scientific reports. 
We carried out an in vitro study mainly taking human monocytic cells THP-1 as a 
model for human monocytes. THP-1 cells were exposed to different concentrations of 
Pb (II) (10 and 100 nM) to investigate the effects of this metal on the human 
monocytes. Cellular viability, morphological aspects, type of cell death, membrane 
potential, activation of death receptor complex, induction of potential signalling 
pathway for cell death i.e. TNFo/TNFRl were examined to evaluate the toxic effects 
of inorganic Pb on these cells. Our data increase the information about the Pb 
mediated immunotoxicity mainly by deciphering cell death type and the molecular 
pathway involved monocytes cell death. 
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2. Materials and Methods 
2.1. Reagents. Cell culture reagents were from Life Technologies, Inc. (Grand Island, 
NY). Pb acetate, acridine orange and propidium iodide were from Sigma Aldrich 
(St.Louis, Mo). The primary antibodies to caspase-3, caspase-8, Bid (human specific), 
poly (ADP-ribose) polymerase (PARP), cytochrome c, P-actin were purchased from 
Cell Signaling Technology (Beverly, MA). Polyclonal rabbit anti-DR4 and anti-DR5 
were obtained from Upstate Biotechnology (Lake Placid, NY). Antibodies against 
TRAFl/2, RIPl, RIP3, Fas and TNFRl were from Santa Cruz Biotechnology (Santa 
Cruz, CA). TNFRl-Fc chimera was purchased from R&D Systems (Minneapolis, 
MN, USA). Monoclonal neufralizing antibodies against TNF-a, TNF-Rl, TNF-R2 
were purchased from R&D Systems (Wiesbaden-Nordenstadt, Germany).Horseradish 
peroxidase- conjugated secondary anti-rabbit and anti-mouse secondary antibodies 
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and were used in 
ratio of 1:500 in all experiments. Anexxin V (cat# ) was purchased from BD 
pharmigen (San Diego, CA). JC-1 (cat# ) and Lysotracker DND-99 (cat# ) were 
purchased from Molecular Probes (Invitrogen). The rest of the chemicals used in the 
study were of analytical grade of purity and procured locally. 
2.2. Cell culture. The human promonocytic cell line THP-1 was purchased from 
National Cenfre for Cell Sciences (NCCS), Pune, hidia. Cells were cultured in RPMI 
1640 medium supplemented with 10% heat-inactivated fetal calf serum, 50U/ml 
penicillin, and 50 |jg/ml streptomycin at 37°C in 5% CO2 incubator. Cells were 
maintained at a density of 5x10^ to 1x10^ cells/ml, and used in log-phase of growth 
between the ninth and eighteenth passages. These cells express various receptors that 
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are found in normal monocytes and have been used as a model system for 
monocyte/macrophage biology (Saad et al., 2010). 
2.3. Lactate dehydrogenase assay (LDH) assay. LDH release is a method to measure 
the membrane integrity as a function of the amount of cytoplasmic LDH released from 
damaged cells to the medium. LDH assay was carried out using the readymade 
commercially available kit for in vitro cytotoxicity evaluation (LDH -Assay Kit, Bio 
Vision, CA, USA). In brief, following the exposure, plates were incubated as per the 
experimental schedule in CO2 incubator and centrifoged at 250xg for 4 min. Then 
supernatant of each well was transferred to a fresh flat bottom 96 well culture plate 
and further processed for enzymatic analysis as per the instructions given in the kit. 
2.4. RNA isolation from THP-1 ceUs for RT-PCR. Total RNA was extracted from 
cells culture using the TRIzol system (Sigma, USA), in accordance with the 
manufacturer's instructions. In brief, cDNA was prepared using RNA samples (3-5 
i^g) to which I ng oligo(dT)i8, 0.5 mM dNTP, and 200 U of Revert Aid™ H Minus M-
MuL V RT enzyme (MBI, Fermentas, USA) were added. The gene specific primers 
used were synthesized by are listed in Table 1. The PCR products identified by 1% 
agarose gel electrophoresis were analyzed using IS 1000 image analysis system (Alpha 
Iimotech, San Leandro, CA, USA). All samples were analyzed in triplicate. 
2.5. Assessment of necrosis and apoptosis. Apoptosis in THP-1 monocytes was 
measured using the Annexin V-propiditim iodide (PI) apoptosis detection kit (BD 
Biosciences, San Diego, USA). Briefly, THP-1 cells were exposed to different 
concentrations of Pb (lO-lOO^iM) in 6-well plates for 24 and 48 h. After centrifugation 
at 1000 rpm, the cell pellet was washed with PBS once and re-suspended in lOOj^ L of 
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binding buffer, then incubated with 2\iL Annexin V-FITC for 10 min, which was 
followed by staining with 2p.L PI. Then, the samples were diluted with 400nL binding 
buffer and analyzed with a BD FACScanto II flow cytometer (Becton Dickinson, San 
Jose, CA), and at least 10,000 cells were counted for each sample. The cell population 
of interest was gated on the basis of the forward and side-scatter properties. Vertical 
and horizontal lines were designed based on autofluorescence of untreated control 
cells. The different labeling patterns in the Annexin V/PI analysis identified the 
different cell populations where FITC negative and PI negative were designated as 
viable cells; FITC positive and PI negative as early apoptotic cells; FITC positive and 
PI positive as late apoptotic cells or necrotic cells; and FITC negative and PI positive 
as necrotic cells. The data analysis was performed using BD FACS Diva software 
(Becton Dickinson, USA). 
2.6. Detection of changes in mitochondrial membrane potential (MMP). 
Mitochondrial membrane permeability was determined using the Mitochondrial 
Permeability JC-1 dye (Molecular probe). The lipophilic dye JC-1 (5,50, 6,60-
tetrachloro-1, 10,3,30-tetraethylbenzimidazolecarbocyanine iodide) was used to 
measure the mitochondrial membrane potential. This dye reagent enters the 
mitochondria, aggregates, and fluoresces red. When the mitochondrial membrane 
potential collapses, the dye reagent can no longer accumulate within the mitochondria 
and fluoresces green. THP -1 monocytes were cultured with different concentrations 
of Pb (10-lOO^M) in 6-well plates for different time periods i.e.24 and 48 h and were 
rinsed with PBS twice, stained with 1 mL culture medium containing 5 mmol/L JC-1 
for 30 min at 37''C after their respective exposure times. Cells were rinsed with ice-
cold PBS twice, resuspended in 200 mL ice-cooled PBS, and instantly assessed for red 
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and green fluorescence with flow cytometry. A 488 nm filter was used for the 
excitation of JC-1. Emission filters of 535 and 595 nm were used to quantify the 
population of mitochondria with green (JC-1 monomers) and red (JC-1 aggregates) 
fluorescence, respectively. Frequency plots were prepared for FLl (FITC) and FL2 
(PE) to determine the percentage of the mitochondria stained green (loss membrane 
potential) and red (normal membrane potential). 
2.7. Acridine orange relocation assay. THP-1 monocytes (5 x 10^ per well) were 
seeded in 6-well plates in DMEM the night before intoxication. The next morning, 
media was replaced with intoxication media containing 5 mg/ml acridine orange 
(Sigma Aldrich, cat# A-6529) for 15 min under otherwise standard culture conditions. 
Wells were then rinsed twice with intoxication media and 1 mg/mL PA and 1 mg/mL 
LF (unless otherwise stated) was added to LT-treated cells. Cells were detached by 
scraping with a rubber policeman, collected by pelleting at 5,0006g and washed three 
times with PBS (1 mL). PBS with 1% formaldehyde (300 mL) was used to fix cells 
and samples were subjected to flow cytometric assessment of red (FL3 channel) and 
green (FLl channel) AO fluorescence using a Becton Dickinson FACSCalibur 
Analytic Flow cytometer. Analysis was performed using FLOWJO flow cytometry 
analysis software (Tree Star, Inc., Ashland, Oregon). 
2.8.Transinission Electron Microscopy. THP-1 cells (1x10^ cells per well) were 
seeded within 12-wellplates the day before experiment. Thereafter cells were exposed 
to Pb acetate (1-100 |xM) for 48h. The cells were then fixed in 4% glutaraldehyde for 
minimum 10 minutes and processed fiirther for sectioning. Following ultrathin 
sectioning using LKB-ultratom III (LKB Instrument, Rockville, MD, USA), cells were 
visualized with TEM (EM 902A; Zeiss, Oberkochen, Germany). 
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2.9. Total cell lysate preparation. Following treatment to the cells, the medium was 
aspirated and the cells were washed twice with cold PBS (10 mM, pH 7.4). Ice-cold 
lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM 
NaF, 100 mM Na3V04, 0.5% NP-40, 1% Triton X-100, 1 mM PMSF, 10 ng/mL 
aprotinin, 10 |j,g/mL leupeptin, pH 7.4) was added to the plates, which were then 
placed over ice for 30 min and then the lysate was collected in a microfuge tube. The 
lysates was cleared by centrifugation at 14000xg for 15 min at 4°C and the supernatant 
(total cell lysate) was either used immediately or stored at -80°C. 
2.10. Western blotting. Western blotting was carried out according to method of 
Towbin et al. (27) with some modifications. Proteins (100 ^g) were resolved on 10-
12% SDS-PAGE and then electroblotted onto nitrocellulose membranes. Immunoblots 
were detected by horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG 
using chemiluminiscence kit and visualized by Versa Doc Imaging System (Biorad, 
CA, USA). To quantify equal loading, membrane was reprobed with p-actin antibody. 
Data are presented as the relative density of protein bands normalized to p-actin. 
Densitometric measurements of the bands were done with digitalized scientific 
software program, UN-SCAN-IT, purchased fi:om Silk Scientific Corporation (Orem, 
UT, USA). 
2.11. TNF-a protein quantification. The extracellular medium was centrifixged at 
250xg for 10 min and the supernatant was stored at -20°C. For determination of 
intracellular TNF-a content, cells were lysed, centrifiiged and the supernatant was 
stored at -20 °C. TNF-a was analyzed using a commercial ELISA kit (BIOSOURCE, 
Camarillo, CA). 
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2.12. Statistical analysis. The data were analyzed to obtain mean values and standard 
deviation for all treated and vehicle control samples, which were subjected to 
statistical comparison using student-t-test, p<0.05 was considered as significant. 
3. Results 
3.1. Pb induces cell death in THP-1 monocytes: THP-1 cells were exposed to 
increasing concentrations of Pb (10-100 \iM) and cell death was analyzed by 
Anexxin/PI staining. We observed significantly increased cell death at all exposure 
concentrations when compared to control. Pb exposure provoked both late apoptotic 
and necrotic cell death in THP-1 cells. Data clearly shows that at lower doses i.e. 10 
and 25 \M. Pb increases the late apoptotic cells by 9.6% and 19.0 %, whereas at higher 
doses i.e. 50 and 100 |iM Pb augments necrotic cell death by 17.2% and 47.5%, 
moreover we did not observed any significant increase in early apoptotic cell at all 
doses (Fig. 3.1A,B and C). Transmission Electron Microscopic (TEM) analysis also 
confirmed the same (Fig. 3.ID). These results clearly showed that Pb is able to induce 
both late apoptotic and necrotic cells. As late apoptotic cells are synonyms to necrotic 
cells, we would also say that Pb majorly increases necrotic type cell death in THP-1 
human monocytes. Moreover, time curves over a period of 48h showed similar 
significant dose dependent decrease in cell viability as assed by MTT assay (Data not 
shown). 
3.2. Nec-1 provides resistance in necrotic cell death. In order to identify whether 
necrotic cell death was programmed, we applied Nec-1, a potent and specific inhibitor 
on programmed necrosis significantly reduced the number of PI positive cells from 
47% to 12% but had shown non-significant reduction of apoptotic cells. Moreover we 
observed that a higher dose of Nec-1 (50 i^M) showed more almost complete 
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inhibition of necrosis i.e. 47% to 0.9% (Fig. 3.2a & b). Next to further understand the 
mechanisms underlying Pb induced cell death; we tested whether de novo protein 
synthesis is required for such cell death. As shown in Fig. 3.2c cyclohexamide (CHX) 
offered perfect protection against Pb induced cell death. Over all the results showed 
two major aspects (a) Cell died mainly via programmed necrosis or necroptosis as 
evident from significant reduction in cell death after Necrostatin-1 pretreatment. (b) 
Cell death requires de novo protein synthesis. 
3.3. Blockage of TNFa signaling suppresses Pb induced programmed necrosis. To 
further test whether Pb induced TNFa secretion as shown earlier, is required for cell 
death, we primarily inhibited the TNFa signaling by blocking TNFa receptor 
l(TNFRl) using a neutralizing TNFRl antibody. It is interesting to note that antibody 
significanlty inhibited the Pb induced cell death i.e. from 47.0% to 3.6% (Fig. 3.2d). 
Furthermore, a well known inhibitor of TNFa production i.e. infliximab was also used 
and foimd to produce significant reduction in Pb induced cell death (data not shown). 
Moreover we also pretreated the cells with a TNFa neutralizing antibody which 
specifically neutralizes the TNFa ligand in the cell culture medium also significanlty 
ablated Pb induced cell death i.e. from 47.0% to 2.9% (Fig. 3.2e). Collectively, these 
data clearly demonstrate that Pb induced necrotic cell death in THP-1 cells is 
programmed necrosis or necroptosis that depends on the signaling by TNFa. 
Moreover previous reports had suggested cell death signaling by TNFa involves its 
engagement with its receptors (TNFRl and TNFR2), from which TNFRl was well 
known to induce cell death. In order to verify their role in Pb induced cell death we 
checked the expression of both TNFRl and TNFR2; found that Pb exposure clearly 
Chapter -3 Page 89 
enhances the expression of TNFRl but not TNFR2 (Fig. 3.3). This result clearly 
suggests that TNFa promotes cell death signaling in THP-1 cells via TNFRl. 
3.4. Pb alters mitochondrial transmembrane potential (MTP) and induces 
lysosomal membrane permiabillzation (LMP) and plasma membrane 
permiabilization (PMP). Recent advancement in field of cell death provides clues 
that alteration in mitochondrial transmembrane potential (MTP) is also well evident 
during programmed necrosis. However its involvement in apoptosis was well 
identified. In our study we observed significant concentration dependent increase in 
mitochondrial hyperpolarization (Fig. 3.4 & 3.5 a & b). Next we measxired the plasma 
membrane permiabilization (PMP) by measuring the uptake of propium iodide, which 
is used to identify cellular populations died through necrosis. We observed very low or 
non significant uptake of propium iodide at concentrations 10 and 25p,M when 
compared to control cells, however significant uptake was evident at both 50 and 100 
)iM (Fig. 3.6). These results clearly showed increased in necrosis cell death at both 
intermittent and high doses. As lysosomal membrane permiabilization has been 
reported act as a crucial event during both necrosis and apoptosis, we analyzed 
lysosomal integrity using Acridine Orange (AO). AO gives red fluorescence when 
accumulated in acidic environment such as in undamaged lysosomes, however the red 
fluorescence tends to decreased and green fluorescence enhanced (neutral or basic 
environment) when lysosomal integrity was altered. Fig. 3.7a &b shows clear 
disruption in lysosomal membrane permiabilization (LMP) as we observed increase in 
green fluorescence (merged image). No LMP was observed when monitoring 
imstimulated cells. Moreover we observed no LMP at both 3 and 6h (data not shown), 
mainly to identify whether LMP was happening as an earlier event. The results clearly 
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showed LMP as an late event in Pb induced cell death. Over all these results clearly 
show significant loss of MTP along with disruption of both PMP and LMP in Pb 
induced cell death. 
3.5. Pb induced dell death is MAPKs dependent. We had previously shown in 
chapter 2 that MAPKs mainly ERKl/2 and p38 regulates the production of TNF-a in 
THP-1 monocytes during Pb exposure. We therefore asked whether inhibiton of either 
ERKl/2 or p38 resuU in inhibition of cell death. As shown in Fig. 3.2 i «fe j ERKl/2 
inhibiton results in decrease in cell death from 47.0% 6.1% and similarly p38 inhibiton 
results in 4.5 % decrease in necrotic cell death. This result clearly suggests that Pb 
induced cell deatti requires activated ERKl/2 and p38 which induces TNF-a 
production and ultimately results in TNF-a mediated necrotic cell death. 
3.6. Pb induced cell death is executed via cathepsins. Caspases are known 
executioners of cell death, however they are less involved in necrosis. We measured 
the caspase 3 activity in Pb treated THP-1 monocytes and observed non significant 
induction of caspase 3 activity (Fig. 3.9). Only lower doses i.e. 10 and 25|iM showed 
slight increase in caspase activity suggesting apoptosis, which was evident in Anexxin 
V results also. In fig. 3.7 a & b clear disruption of lysosomes was observed, we 
therefore probed involvement of cathepsins which are released during lysosomal 
damage in necrotic cell death. We prefreated the cells with CA-074 (Me) (Cathepsin 
inhibitor) and observed significant decrease in necrotic cell death i.e. 47.0% to 13.5% 
(Fig. 3.2h). Overall results showed cathepsins as executioner of necrotic cell death in 
Pb exposed THP-1 monocytes. 
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3.7. Pb induced cell death requires activation of death receptor complex. As now 
growing scientific evidences had clearly shown activation of death receptor complex 
during programmed necrosis, we therefore attempted to study the expression pattern of 
different components i.e. TRAP 2/5, FADD, TRADD, Fas, DR4 and 5 of death 
receptor complex. Together these components form a complex through which 
TNFo/TNFRl signals for cell death. Fig. 3.10a shows that only expression of TRADD 
is significanlty induced in Pb treated THP-1 cells, where as no changes were recorded 
in the expression of TRAF 2/5. Continuously FADD expression was also increased but 
non significantly when compared to control. Similarly we did not observe any change 
in the expression of DR4 and 5 receptors along with Fas (Fig. 3.10b). This result 
clearly shows engagement of both TRADD and FADD firom the death receptor 
complex in Pb induced cell death. 
3.8. Programmed cell death by Pb requires RIP 1 and RIP 3. Recent scientific 
literature had suggested role of RIP 1 and RIP3 in programmed necrosis. Therefore we 
next assess the expression pattern of both RIPl and RIP3 in Pb exposed THP-1 cells. 
Fig. 3.11 shows concentration dependent increase in RIP 1 expression however low 
basal level expression pattern was evident in case of RIP3 (10 & 25 jaM). Significant 
induction in RIP 3 expression was observed at doses 50 (5 fold) and 100 i^M (4.8 fold) 
when compared to control, clearly suggesting RIP 3 mediated switching fi-om late 
apoptosis to necrosis in Pb exposed THP-1 cells. 
3.9. Pb induces production of TNFa. Phagocytic cells are very well known to 
produce a variety of cytokines, including TNFa. Recent scientific studies had well 
established the role of TNFa in both apoptosis and programmed necrosis. We had 
recently shown induction of TNFa transcripts and protein levels from THP-1 cells 
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after Pb exposure (Khan et al, 2010). So in this study, we hypothesized that the 
production levels of TNFa might be correlated with the cell death pattern. We 
primarily measured the level of TNFa released in the medium by THP-1 cells. We 
observed significant elevation in TNFa levels after 18h of Pb exposure which tends to 
increased up maximum till 24h. Further we observed decrease in TNFa levels in 
medium at 48h probably due to increase cell death (Fig. 3.3c). 
3.10. Autophagy act upstream to programmed necrosis induced by Pb. Pb 
exposed THP-1 monocytes clearly showed induction of autophagy in doses > 25 \iM. 
Transmission Electron Microscopic (TEM) observations shows increase in vacuoles 
numbers, along with autophagosomes (Fig. 3.12a). We next assayed the molecular 
expression of LC-3, a well known marker of autophagy, as shown in Fig. 3.1bb 
significant induction of LC-3b was evident at doses > 25 ^M. All these result well 
complemented the observations of TEM. Next in order to prove the role of autophagy 
in cell death we pretreated the cells with 3 methyl adenine (3MA) and found 
significant decrease in cell death i.e. fi-om 47.0% to 12.7% (Fig. 3.2f), clearly 
suggesting that autophagy acts on the upstream in prograirmied necrosis. On the other 
hand to prove the role of ROS, which is known to play important role in autophagy 
mediated cell death. We pretreated the cells with butylated hydroxyl anisole (BHA) 
and observed reduction of cell death fi-om 47% to 10.7% (Fig. 3.2g). Over all these 
results showed involvement of both ROS and autophagy in cell death provoked by Pb 
in THP-1 monocytes. 
3.11. Pb promotes release of pro-inflammatory HMBGl from THP-1 cells. 
Recent findings indicate release of high mobility group box-1 (HMGB 1), a chromatin 
binding protein, into the cytoplasm, and subsequently into the extracellular milieu, 
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during programmed necrosis. We therefore assessed the expression pattern of HMGB 
1 as additional marker of programmed necrosis. Fig. 3.13a shows significantly 
increased expression of HMGB 1 from cells treated by Pb for 48 h, however very little 
or non significant increase was also noted at 24 h. Moreover when we assessed the 
expression of HMGB 1 in both nucleic and cytoplasmic fi:actions we observed clear 
translocation of HMGB 1 fi-om nucleus to cytosol (Fig. 3.13b), suggesting 
programmed necrosis in THP-1 cells after Pb exposure. 
4. Discussion 
Induction of cell death plays a key role in maintaining the homeostasis in the immune 
system; however the precise mechanism of the effects of toxicants such as Pb on 
immune cell death has not been well established. The prime aims of the current study 
were to determine the nature of Pb induced cell death and to elucidate the possible 
underlying signaling pathways involved in these processes in human monocytes, hi 
our study we find that at lower doses Pb provokes late apoptotic cell death however at 
the same time period intermittent and higher doses shifts the cell death population 
towards necrosis. We consider that most of the cell death was mainly necrosis as late 
apoptosis has been known to be synonymous to necrosis. Previous scientific literature 
regarding to cell death after Pb exposure in different cellular systems at both in in-vivo 
and in-vitro levels showed apoptosis as the major form of cell death (Shabani and 
RabblnL, 2000).However our results had some similarities with the one of the 
previous published scientific report of Gargioni et al (2006), who showed necrosis as 
the predominant cell death type in cultured macrophages after Pb exposure. One more 
study by Faunte et al (2002) had also shown necrosis in cultured human PMN's. Most 
of these studies had mainly shown the capability of Pb to induce cell death of immune 
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cells however still no study had emphasizes the possible signaling pathways 
responsible for these cellular death. In our study we explored one of these pathways 
and also shown that the necrotic cell death provoked by Pb was not sudden but 
programmed. 
Current concepts regarding to necrosis suggest it as a well orchestrated form of cell 
death. Two kinases namely receptor interacting protein 1 and 3 (RIP 1&3) are shown 
to be the major regulator of programmed necrosis (necroptosis). Programmed necrosis 
or necroptosis is mainly, caspase independent, regulated cell death that has the 
morphological features of necrosis (early membrane and organelle swelling followed 
by cell lysis) and is activated by death receptor (DR) signaling. Recently a potent 
inhibitor namely Necroststin-l(Nec-l) had been identified and was used fi-equently to 
identify the programmed necrosis in different cellular systems. Nec-1 decreases 
programmed necrosis by dissociating the RIPl and RIP3 assembly responsible for 
signaling of programmed necrosis (Degterev et al, 2005). In order to identify whether 
necrosis is programmed or not in Pb treated THP-1 cells, we pretreated the THP-1 
cells with two non-cytotoxic concentration of Nec-1 (25 and 50 )LIM) and observed 
significant resistance in cell death at both concentrations (Fig. 3.3 a &b), clearly 
confirming the cell death as programmed necrosis (or necroptosis). 
Previous studies on cellular demise of immime system had never explored the 
pathways responsible for cell death dxiring Pb exposure. In the current study we 
identified the TNF-a mediated signaling for programmed necrosis in monocytes. The 
theme for the involvement of TNF-a in the cell death came from our earlier work 
which shows increased stability and expression of TNF-a mRNA which ultimately 
results in increased protein levels of TNF-a fi"om THP-1 monocytes after Pb exposure 
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(Khan et al 2011). To assess the involvement of TNF-a we initially pretreated the 
cells with anti- TNF-a antibody and found significant reduction in cell death (Fig. 
3.3e). These results clearly showed involvement of TNF-a in programmed necrosis. 
The pleiotropic nature of TNF-a response results from the sequential formation of 
different signaling complexes upon binding of TNF-a to its two receptors namely, 
p55/p60 TNFRl and p75/p80. Both the TNF receptors are known to be involved in 
initiating different cell death pathways. We previously indentified the expression as 
well as the protein levels of both TNFRl and TNFR2; we found that Pb mainly 
increases the levels (protein) and expression (mRNA) of TNFRl (Fig. 3.4). Though 
TNFRl was significantly induced, a non significant increase was also observed in 
TNFR2 expression. Next to identify the role of TNFRl in programmed necrosis we 
employed neutralizing TNF-a antibody pretreatment to THP-1 cells. Neutralizing 
TNF-a antibody showed significant reduction in cell death (Fig. 3.3d). These results 
clearly showed the TNF-a/TNFRl signaling axis responsible for programmed necrosis 
in human monocytes. Our results are in agreement with other studies who had shown 
TNF-a mediated programmed necrosis or necroptosis in different cell types 
(Vercammen et al., 1997; HoUer et al., 2000; He et al., 2009; Wu et al., 2010). It is 
well known that activation of TNFRl via TNF-a, the death domain (DD) at the 
cytoplasmic tail of TNFRl rapidly recruits an adaptor protein, TNF receptor 
associated-protein with death domain (TRADD), which subsequently recruits other 
signaling proteins including TNF receptor associated protein 2 (TRAF2), receptor 
associated protein kinase 1 (RIPKl), and cellular inhibitor of apoptosis proteins cIAPl 
an cIAP2, to form a signaling complex referred as complex I (Karin, 2006). Complex 
I then recruits IkB kinase (IKK) complex through the K63-specific polyubiquitin chain 
on RIPKl, leading to the activation of NF-kB (Li et al., 2006; Wu et al., 2006). NF-
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kfi drives the transcription of many additional cytokines as well as several anti-
apoptotic proteins, including cIAPl, cIAP2, and c-FLIP, which prevent cell death and 
sustain inflammation (Micheau et al., 2001). In a process that is still not well known, 
complex I internalizes and converts into a caspase-8 activating, death inducing 
complex, complex II, with additional recruitment of FADD and procaspase-8 
(Micheau and Tschopp, 2003). In order to get insight which of the components of 
both complex I and II are modulating we checked the levels and observed induction of 
TRADD and FADD. Furthermore non-significant induction was noted in TRAF2 and 
no changes were observed in TRAF5 and Fas expression. These results clearly showed 
programmed necrosis in THP-1 cells induced by Pb involves death receptor activation 
and its critical components indispensable for programmed necrosis. 
However the requirement of both TRADD and FADD for assembling the signaling 
complex or 'necrosome' essential for executing programmed necrosis is still a 
debatable matter. The absence of FADD sensitizes some cells, including jxirkat 
lymphocytes, to necrotic cell death (Kalai et al. 2002). In contrast, MEFs isolated 
fifom FADD deficient mice are quite resistant to TNF-induced programmed necrosis 
(Lin et al. 2004). In continuation to this both apoptosis and programmed necrosis 
(necroptosis) are blocked in TRADD deficient cells (Ermolaeva et at. 2008), 
suggesting that, at least in some experimental setups, TRADD constitutes as an 
indispensable cell death inducing adaptor protein (). Along to its vital role in 
provoking programmed necrosis higher levels of TRADD in our study might also be 
explained for their importance in facilitating the binding of FADD with TNFRl,in 
addition to this RIPl besides itself containing a DD, also requires TRADD as an 
adaptor with its binding with TNFRl. This notion is well supported with some other 
wmammmmimamiimmBaaammmmmaBammaB^aBam^mmsaaBBasBBamBBmBii^amiBamBmmmam 
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studies who had shown TRADD as a central signaling adaptor for TNFRl mediated 
signaling (Aggarwal et al. 2003; Jattela et al. 2003; Holler et al. 2000; Hsu et 
al.l996a, 1996b). 
Arrival of RIP3 within complex II results in the formation of a novel complex known 
as complex II b (Yuan et al, 2010), in which association of both RIP 1 and 3 forms 
stable necrotic complex which further signals for induction of programmed necrosis. 
In our study we had observed induction of RIPS at all doses tested, however 
significant induction was noted at 50 and lOOpM (Fig. 3.12). The increase in RIP3 
levels was noted simultaneously where necrotic cell population was peaked. This 
suggests that Pb induced programmed necrosis complex contains RIP3 and it also 
modiilates the cell death type. Our results are in continuation with anotiier study that 
had defined RIP3 as a deciding molecular point which switches cellular death mode 
from apoptosis to programmed necrosis after TNF-stimulation (Declercq et al. 2009). 
Continuous research probing the field of programmed necrosis (necroptosis) shows 
that inhibitors of cPLA2, Noxl and mitochondrial complex I retarded TNF-a induced 
programmed necrosis, clearly pointing towards the involvement of mitochondrial and 
lysosomal compartment in programmed necrosis. In this context there is extreme 
scientific literature pointing mitochondrial complex I mediated reactive oxygen 
species (ROS) production fairly contributes to programmed necrosis (Moquin and 
Chan. 2010). To identify the role of ROS in our model system we used butylated 
hydroxyl anisole (BHA), a multidimensional ROS inhibitor, which exerts its strong 
anti-necrotic effects on TNF-a induced programmed necrosis mainly via oxygen 
radical scavenging and cPLA2 inhibiting (Vandanebeele et al. 2010). Continuation to 
the above our results also clearly suggested involvement of ROS in cell death induced 
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by Pb in THP-1 cells. At present, it is not very clear how ROS cause the cellular 
damages observed in programmed necrosis. High levels of ROS could induce lipid 
membrane peroxidation and plasma membrane leakage (Pamplona. 2008). Moreover 
several reports indicate that the necrosome complex components i.e. RIPl and RIP3 
act upstream to regulate ROS production (Cho et al. 2009; Temkin et al. 2006). In 
contrast to these results, several recent reports show that plasma membrane-associated 
complex containing TNFR-1, riboflavin kinase (RFK) and NADPH oxidase 1 (Noxl) 
is essential for ROS production in response to TNF-induced programmed necrosis ( 
Kim et al. 2007; Yazdanpanah et al. 2009). ROS mediated cell death by Pb was not 
known previously in immune cells, moreover still no study had associated TNF-a 
mediated ROS production and immune system cell deatti during Pb exposure. Our 
study had provided some initial hints, regardless to this still couple of questions 
needed to be answered such as (a) Identification of ROS source whether it is 
membrane or mitochondrial origin? (b) Involvement of RIPl and 3 complex in ROS 
production? (c) Could cellular antioxidant pool was also negatively affected by TNF-a 
induced ROS and would be playing a role in programmed necrosis? Clearly, more 
work is still needed to clarify the mechanism that generates ROS during necrotic cell 
injury in Pb exposed THP-1 cells. 
Autophagy is a cellular self-catabolic process where cellular components are engulfed 
and trafficked to lysosomes for proteolytic degradation. The main functional role of 
autophagy is to recycle cellular components to sustain metabolism during nutrient 
deprivation and to prevent the accumulation of damaged, toxic proteins and organelles 
during stress. In most situations, autophagy promotes survival to stress and starvation, 
but there is also evidence that if left unabated or if over stimulated, autophagy can 
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induce programmed cell death (White et aL 2008). Our concentration dependent data 
shows increase in autophagy and time dependent data shows decrement of autophagy 
after 24 hr; this might be due to extensive cell death and rupture of lysosomes in the 
later period of exposures. Moreover autophagy inhibition decreases the cell death 
clearly prompting the role of autophagy m programmed necrosis in Pb exposed THP-1 
cells. These results are well supported by some other studies, which showed positive 
association of autophagy with programmed cell death. Denton et al. (2009) showed 
requirement of autophagy in programmed cell death of the midgut during Drosophila 
morphogenesis. More recently Bonapace et al. (2010) had also shown activation of 
autophagy to induce necroptosis in lymphoblastic leiikemia cells. In contrast to this 
some studies had reported no association of autophagy with programmed necrosis 
(Asare et al. 2009) or suggested that autophagy act as a downstream consequence of 
programmed necrosis, rather than a contributing factor to programmed necrosis 
(Degterev et al .2005). Over all still the role of autophagy is controversial in 
programmed necrosis. We believe that most of the disperancies regarding to the role of 
autophagy in programmed cell death mainly prevailed due to the use of different 
cellular systems in different studies. Moreover the potential of the stimulant (inducer) 
along with the length of autophagy might also play important role. 
As reported most of the programmed necrosis is initiated by a standard apoptosis 
programme, simultaneously well supported with the limited caspase activation and 
finally replaced by caspase independent routes (). Similar was observed in our study, 
we found very limited caspase activation only at lower doses, however intermittent 
and higher doses does not showed any significant up regulation in caspase activity. 
Moreover pan caspase inhibitor z-VAD-fink does not modified the cell death ratio 
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clearly suggesting caspase independent cell death. We presume two basic reasons act 
behind the low or no activation of caspases in our study, (1) Pb induced ROS attacks 
the active sites of caspases, making them oxidize and modifying them or (2) Pb forms 
irreversible binding within the active sites of caspases (due to the capability of Pb to 
bind with cystiene rich moieties) leaving them imable to bind with ligand which 
activates them. Both assumption still need scientific verification, however previously 
some metals (zinc, cobalt, tin etc.) are known to bind at the active site of caspases 
leaving them unable to bind with ligand and also oxidizes them (GUes et al. 2003; 
Blumenthal et al. 2005; Kohler et al. 2009). Concomitantly, we also explored the 
role of both mitochondria and lysosomes in programmed necrosis induced by Pb in 
THP-1 monocytes. Our result showed concentration dependent loss of mitochondrial 
membrane potential (MMP), further pretreattnent of the cells with Nec-1 and 
neutralizing TNFRl reverted the loss, suggesting the role of mitochondria in 
programmed necrosis. This result is well supported by other studies who showed 
involvement of MMP in programmed necrosis (Han et al. 2009). Recently Berghe et 
al. (2010) reports that in comparison to necrosis, programmed necrosis utilizes both 
signaling and cellular disintegration phases, in which sub-cellular events like MMP, 
oxidative burst, lysosomal membrane permiabilization (LMP) occurs earlier and 
eventually Pbs to plasma membrane permiabilization (PMP). Therefore we next 
checked the LMP in our experiment by using acridine orange (AO), which gives red 
fluorescence when accumulates in lysosomes, however the fluorescence tends towards 
green when it accumulates in neutral or basic environment (due to lysosomal 
membrane rupture). Confocal imaging of cells clearly showed LMP in Pb exposed 
THP-1 cells, which was well reverted by pretreatment of neutralizing TNFRl. As 
LMP occurs it might be possible that its subcelluar components i.e. Cathepsins will be 
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released in the cellular environment and will execute the programmed necrosis in the 
absence of caspases. To identify such phenomenon we probed the cellular material 
with cathepsin B and observed significant induction, moreover to fiirther identify the 
role of these Cathepsins in programmed necrosis we pretreated the cells with CA-
074Me (a cathepsin activity blocker) and found significant reduction in cell death. It 
might be possible that the relocalized lysosomal cathepsin can process the Bid to cause 
cytochrome C release and apoptosis activation factor release fi-om mitochondria, and 
fijrther induces programmed necrosis. This might be the possible reason behind the 
Bid processing and cytochrome C translocation which was evident in our study, 
however such sentence warrants further scientific explanation. Our study is in well 
accordance with the study of Zhang et al. (2009) who showed necroptosis via this 
pathway. Moreover the also suggest that a complete destruction of lysosomes with 
release of high concentrations of lysosomal enzymes into the cytosol results in 
unregulated necrosis, whereas partial, sequential permiabilization triggers programmed 
cell death (PCD). 
Conclusively, it may be stated that Pb induces programmed necrosis (necroptosis), 
which is mediated through TNF-a/TNFRl axis and involves mitochondria and 
lysosomes machinery for executing programmed necrosis. Almost all these 
observations were not known in Pb immunotoxicity. Moreover we provided proofs for 
the involvement of autophagy in programmed necrosis. Chir results might help to 
understand the molecular mechanism(s) for Pb induced immvme-suppression. It is of 
interest to fiorther examine the involvement of other upstream regulators of TNF-a 
signaling such as MAPKs which are known to play pivotal role in TNF-a production 
in immune cells. 
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Fig 3.1 Pb induces programmed necrosis in THP-1 monocytes. (A) & (B) THP-
1 cells were treated with different concentration (0-100|iM) of Pb and analyze 
for AnexxinV/Pi binding by FACS. Results were calculated by averaging three 
independent experiments. Asterisks indicate significant changes as compared 
with the control (*P<0.05). (C) Cell death was examined under microscope 
(200) for morphological changes (D) TEM analysis of THP-1 cells showing 
extensive vacuolization and plasma membrane rupture as marker of necrosis 
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Fig 3.2 Effect of different inhibitors on Pb induces programmed necrosis in THP-1 
monocytes, (a) Necrostatin (25 nM) (b) Necrostatin (50 nM) (c) Cyclohexamide 
(10|jg/ml) (d) Neutralizing TNFR1 antibody (2|jg/ml) (e) Anti TNF-a antibody 
(2|ig/ml) (f) 3 Methyl Adenine (3MA 50 |ag/ml) (g) Butylated Hydroxy Anisole (BHA 
lOOmM) (h) Cathepsin activity blocker CA-074Me (100|iM) (i) PD 98059 (25^M) (j) 
SB 203580 (10 |JM). THP-1 cells were pretreated with different inhibitors and 
were exposed to PB (lOOiiM) for 48 h. Cell death was measured with AnexxinV/PI 
binding by FACS. 
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Fig. 3.3 (a) & (b) Pb promotes gene transcription of TNF-R1 and TNF-R2. 
(c) Pb autocrine production of TNF-a. Basal level of autocrine TNF a 
secreted in culturing medium in untreated cells. THP-1 cells were washed 
with PBS twice and incubated in fresh medium for up to 24 h, and the 
secreted TNF a in the medium was determined by ELISA. Pretreatment of 
Neutralizing TNFR1 antibody decreases TNF-a secretion. Asterisks indicate 
significant changes as compared with the control (*P<0.05). # indicate 
significant changes as compared to Pb (100 [xM). 
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Fig. 3.4 Effect of Pb on mitochondrial transmembrane potential (MTP). THP-1 
cells were treated with different concentration of Pb (0-100nM) for 48 h and 
MTP was measured by staining with JC-1. 
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Fig. 3.5 (a) MTP results were calculated by averaging three independent 
experiments. Asterisks indicate significant changes as compared with the 
control (*P<0.05) 
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Fig. 3.5 (b) A1- Control cells showing intense red color due to polymerization 
of JC-1 dye in Mitochondria indicative of healthy mitochondria. Figure A2-
green color indicates the accumulation of non-polymerized dye in cytoplasm. 
Figure A3- Nuclei stained with DAPI. Figure A4- Superimposed 
microphotographs showing healthy mitochondria with intact membrane. Figure 
B1-B4 and C1-C4: THP-1 cells exposed to Pb (25 |iM) and (100 |iM) for 48 h. 
Superimposed figures shows significant dissipation in mitochondria 
transmembrane potential. 
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Fig. 3.6 Effect of Pb on plasma membrane permiabilization (PMP). THP-1 
cells were treated with different concentration of Pb (0-100|aM) for 48 h and 
PMP was measured by staining cells with propium iodide (PI) . Results 
were calculated by averaging three independent experiments. Asterisks 
indicate significant changes as compared with the control (*P<0.05) 
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Fig. 3.7 (a) & (b) Effect of Pb on lysosomal membrane permiabllization (LMP). 
THP-1 cells were treated with Pb (100(iM) for 48 h and LMP was measured by 
acrldine orange relocation assay. 
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Fig. 3.8 Effect of different inhibitors on Pb induced MTP in THP-1 monocytes. 
Results were calculated by averaging three independent experiments. 
Asterisks indicate significant changes as compared with the control (*P<0.05) 
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Fig. 3.9: Effect of Pb on caspase 3 activity. THP-1 cells were treated with 
different concentration of Pb (0-100|JM) for 48 h and caspase activity was 
measured by colorimetric assay kit for caspase 3. Results were calculated by 
averaging three independent experiments. Asterisks indicate significant 
changes as compared with the control (*P<0.05) 
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Fig. 3.10 (a) & (b) Effect of Pb on the expression of different components 
of death receptor complex. THP-1 cells were treated with different 
concentration of Pb (100pM) for 48 h. Cell lysates were separated by 
SDS-PAGE and immunoblotted with various antibodies of death receptor 
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Fig. 3.11 Effect of Pb on the expression of RIP1 and 3. THP-1 cells were 
treated with different concentration of Pb (0-100|aM) for 48 h. Cell lysates 
were separated by SDS-PAGE and immunoblotted with antibodies of both 
RIP1 and 3 . Results were calculated by averaging three independent 
experiments. Asterisks indicate significant changes as compared with the 
control (*P<0.05) 
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A B S T R A C T 
Induction of tumor necrosis factor-a (TNF-a) in response to lead (Pb) exposure has been implicated in 
its immunotoxicity. However, the molecular mechanism by which Pb upregulates the level of TNF-a is 
wagely known. An at tempt was therefore made to elucidate the mechanistic aspect of TNF-a induction, 
mainly focusing transcriptional and post transcriptional regulation via mitogen activated protein kinases 
(MAPKs) activation. We observed that exposure of Pb to human monocytic THP-1 cells resulted in sig-
nificant enhanced production of TNF-a m-RNA and protein secretion. Moreover, the stability of TNF-a 
m-RNA was also increased as indicated by its half life. Notably, activation of ERK 1 /2. p38 and JNK in Pb 
exposed THP-1 was also evident. Specific inhibitor of ERKl/2, PD 98059 caused significant inhibition In 
production and stability of TNF-a m-RNA. However. SB 203580 partially inhibited production and sta-
bility of TNF-a m-RNA. Interestingly, a combined exposure of these two inhibitors completely blocked 
modulation of TNF-a m-RNA. Data tends to suggest that expression and stability of TNF-a induction due 
to Pb exposure is mainly regulated through ERK. Briefiy, these observations are useful in understanding 
some mechanistic aspects of proinflammatory and immunotoxicity of Pb, a globally acknowledged key 
environmental contaminant. 
® 2011 Elsevier B.V. All rights reserved. 
t . Introduction 
Lead (Pb), a well known hazardous material, has been in use 
in innumerable products of industrial as well as domestic kinds 
since very long, thus resulting contamination of each compart-
ment of environment and worldwide exposure to human of any 
life style. Earlier studies had established the negative impact on 
different biological systems towards Pb exposure, e.g., neurologi-
cal, haematological, reproductive, etc.. however immune system is 
one of the most sensitive among them. Pb had the ability to induce 
immunosuppression and reduce host resistance towards infectious 
disease. Phagocytic cells (macrophages and monocytes) have been 
known as a significant target during Pb mediated immunotoxicity 
[Ij . Earlier research related to immunotoxicity of Pb had served 
to highlight that many host problems (e.g., neurological, cardiac, 
renal, reproductive) arising from exposure to Pb may ultimately 
trace back to Pb-induced changes in myelomonocytic-derived cell 
* Corresponding author. Tel: +91 522 2620207/2227586: fax: +91 522 2628227. 
E-matl address: ahmadi®sify.com (I. Ahmad). 
0304-3894/$ - see front matter ® 2011 Elsevier B.V. All rights reserved. 
doi:10.1016/j.jliazmat2011.02.027 
population. Pb impairs several aspects of phagocytic cell functions 
including adherence, chemotaxis [2,3], and clearance of intracellu-
lar pathogens (4). Moreover, Pb has also been shown to inhibit nitric 
oxide production in both myeloid as well as myeloid suppressor 
cells |5,61. 
The generation of inflammatory responses is a key event of 
host defense system. Monocytes play important role in, tightly 
regulated process, at least in part, via the secretion of proinflam-
matory cytokines, mainly tumor necrosis factor-alpha (TNF-a), 
interleukin (1L)-1|3 and lL-6. TNF-a is one of the principal medi-
ators of the inflammatory responses in mammals, transuding 
deferential signals that regulate activation, proliferation and 
apoptosis at cellular levels [7j. Earlier studies identified the capac-
ity of Pb to increase production of various pro-inflammatory 
cytokine mainly TNF-a among phagocytic cells of both animal 
and human [8-12], While the production of TNF-a can be ele-
vated following exposure to lead, the expression of the receptor 
for TNF-a was also increased during the in vitro exposure of 
human blood monocytes to PbCl2 |13 | . Therefore, the combined 
effect of elevated cytokine production by macrophages and of 
increased receptor expression would be expected to contribute 
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to problematic inflammatory responses. In addition to this Pb-
induced effect seem to be also involved in elevated production 
of the other major pro-inflammatory cytokines i.e. IL-1|5 and lL-6 
|14,15J. 
Proinflammatory cytokines induction is tightly regulated act 
through receptor-dependent signaling cascades that diverge 
into multiple pathways, including each of the three mitogen-
activated protein kinases (MAPK): extracellular-regulated kinase 
{ERKl/2), stress-activated protein kinase/c-jun N-terminal kinase 
(SAPK/JNK), and p38 1161. While each of these signaling path-
ways contributes to the activation of gene transcription, their role 
in controlling gene expression at the level of mRNA stability is 
not well understood. Although the majority of studies suggest 
that mRNAs encoding for proinflammatory genes including, TNF-a, 
cyclooxygenase-2. IL-6, and IL-8 are stabilized upon activation of 
the p38 and ERKl/2 MAP kinase pathway 117-201. These MAPK-
mediated stabilization is dependent on AU-rich elements (ARE) 
sequences in the 3'-untranslated region (UTR) of respective genes, 
suggesting that AREs not only confer instability on mRNAs, but they 
also allow mRNA stabilization following activation of MAPK path-
way [21 ]. Despite the suggested role of TNF-a in the pathogenesis of 
various inflammatory disease, the mechanisms by which Pb expo-
sure increases TNF-a expression are not well understood. Pb had 
the capability to modulate the activity of several important sig-
naling molecules including ERKl/2, p38 MAPK and JNK 122-25]. 
However, it is not known whether changes induced by Pb in these 
pathways can modulate TNF-a transcription and/or translation in 
phagocytic cells. 
In view of the importance of TNF-a in inflammatory diseases 
and the potential for it to be upregulated by Pb, it is critical to 
understand how Pb induces expression of this cytokine at the 
molecular level. The purpose of this study was to test the hypoth-
esis that Pb-induced activation of MAPKs mediates transcriptional 
and posttranscriptional upregulation of TNF-a expression. More 
specifically, the effects of Pb on ERKl/2, p38, and jNKl/2 activa-
tion, TNF-a m-RNA stability and TNF-a protein production were 
assessed in human monocytes THP-1 cells. 
2. Materials and methods 
2.1 Reagents 
Cell culture reagents were from Life Technologies, Inc. (Grand 
Island, NY). Kinase inhibitors PD-98059 (2'-amino-3'-methoxy 
flavone) and SB-203580 (4-(4-fluophenyl)-2-(4 methylsulfinyl 
phenyl)-5-(4-pyridyl)lH-imidazole) were purchased from Cal-
biochem (San Diego, CA). Lead acetate, LPS (E. coli serotype 055:B5), 
Actinomycin D and p-actin antibody were from Sigma-Aldrich (St. 
Louis, MO). (a-^^P)dCTP was purchased from ICN Pharmaceuticals 
(Irvine, CA). Specific anti-phospho ERK (Thr202/Tyr204), anti-
phosphoJNK (Thrl83/Tyrl85), anti-phospho p38 (Thrl80/Tyrl82) 
anti-ERK, anti-JNK anti-p38 were obtained from Cell Signalling 
Technology (Beverly, MA) and were used in the ratio of 1:1000 
in all experiments. Horseradish peroxidase-conjugated goat anti-
rabbit and anti-mouse secondary antibodies were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA) and were used in ratio 
of 1:500 in all experiments. Ribonuclease Protection Assay (RPA) 
kit and reagents were purchased from BD pharmigen (San Diego, 
CA). The rest of the chemicals used in the study were of analytical 
grade of purity and procured locally. 
2.2. Cell culture 
The human promonocytic cell line THP-1 was purchased from 
National Centre for Cell Sciences, Pune, India. Cells were cultured in 
Table 1 
The sequence of primers for PCR. 
Gene Primer ( 5 - 3 ) Length (bp) 
TNF-a F: GGCTCCAGCCCGTGCTTGTTC 409 
R: ACACGGCGATGCCCCTGATC 
IL-lfi F:CTTCATCTTTCAAGAACAACCTATCTTCTT 332 
R: AATTnTGCGATCTACACTCTCCAGCrGTA 
(L-6 F: GATGCATGCTTCCAATCTGGAT 450 
R: AGTTCTCCATACAGAACAACATA 
P-actin F: CCCAACGCCAACCGCCACAACAT 219 
R: GTCCCCCCCAGCCAGGTCCAG 
F: forward; R: reverse. 
RPMl 1640 medium supplemented with 10% heat-inactivated fetal 
calf serum, 50 U/ml penicillin, and 50 p,g/ml streptomycin at 37 C 
in5%C02 incubator. Cells were maintained at a density of 5 x 10^ to 
1 X 10^ cells/ml, and used in log-phase ofgrowth between the ninth 
and eighteenth passages. These cells express various receptors that 
are found in normal monocytes and have been used as a model 
system for monocyte/macrophage biology 126]. 
2.3. 3-f4,5-dimethylthiazoi-2-ylj-2,5 diphenyltetrazolium 
bromide (MTT) assay 
The tetrazolium dye, MTT, is widely used to assess the viabil-
ity and/or the metabolic state of the cells. The MTT-colorimetric 
monocyte mediated cytotoxicity assay, based upon the ability of 
living cells to reduce MTT into formazan by mitochondrial succi-
nate dehydrogenase in viable cells. Twenty-four hours after cell 
seeding, cells were incubated with varying concentrations of Pb 
(0.1-100p.m) for 6 and 24h at 37 =C. Following the removal of 
the exposure from each well, cells were washed in phosphate-
buffered saline (PBS). The cells were then incubated in serum-free 
RPMl to which MTT (0.5mg/ml) was added to each well (100|xl) 
and incubated for a further 4h. Then the medium was removed 
and the cells were incubated for 15min with 100|jil of acidic 
isopropanol (0.08 N HCI) to dissolve the formazan crystals. The 
absorbance of the MTT formazan was determined at 570 nm in an 
ELISA reader (Synergy HT Biotek, USA). Viability was defined as the 
ratio (expressed as a percentage) of absorbance of treated cells to 
untreated cells. 
2.4. RNA isolation from THP-1 cells for RT-PCR 
Total RNA was extracted from cells culture using the TRl-
zol system (Sigma, USA), in accordance with the manufacturer's 
instructions. In brief, cDNA was prepared using RNA samples 
(3-5 (xg) to which 1 \xg oligo(dT),8, 0.5 mM dNTP, and 200U of 
Revert Aid™ H Minus M-MuL V RT enzyme (MBl, Fermentas, USA) 
were added. The gene specific primers used were synthesized by 
are listed in Table 1. The PCR products identified by 1 % agarose gel 
electrophoresis were analyzed using ISIOOO image analysis system 
(Alpha Innotech, San Leandro, CA, USA). All samples were analyzed 
in triplicate. 
2.5. Total cell lysate preparation 
Following treatment to the cells, the medium was aspirated and 
the cells were washed twice with cold PBS (lOmM, pH 7.4). Ice-
cold lysis buffer (50 mMTris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM 
EDTA, 20mM NaF, 100mM Na3V04, 0.5% NP-40, 1% Triton X-100, 
1 mM PMSF, 10|ji.g/mLaprotinin, 10|xg/mL leupeptin, pH 7.4) was 
added to the plates, which were then placed over ice for 30min 
and then the lysate was collected in a microfuge tube. The lysates 
was cleared by centrifugation at 14,000 xg for 15min at 4 C and 
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the supernatant (total cell lysate) was either used immediately or 
stored at -80 C. 
2.6. Western blotting 
Western blotting was carried out according to method of Towbin 
et al. |27| with some modifications. Proteins (100 jjLg) were resolved 
on 10-12% SDS-PACE and then electroblotted onto nitrocellulose 
membranes. The blots were blocked overnight with 5% nonfat dry 
milk and probed with different primary antibodies at dilutions rec-
ommended by the suppliers. Further immunoblots were detected 
by horseradish peroxidase conjugated anti-mouse or anti-rabbit 
IgG using chemiluminiscence kit and visualized by Versa Doc Imag-
ing System (Biorad, CA, USA), To quantify equal loading, membrane 
was reprobed with 3-actin antibody. Data are presented as the rela-
tive density of protein bands normalized to P-actin. Densitometric 
measurements of the bands were done with digitalized scientific 
software program, UN-SCAN-IT, purchased from Silk Scientific Cor-
poration (Orem, UT, USA). 
2.7. Probe synthesis 
The human TNF-a cDNA clone was purchased from American 
Type Culture Collection and grown in Luria-Bertani broth (Hime-
dia, India) containing ampicillin (50 (jig/ml: Sigma) or tetracycline 
(20 |jLg/ml; Sigma), respectively. Plasmid containing the TNF-a was 
isolated using the QlAprep spin miniprep kit (Qiagen, Valencia, CA) 
and subsequently digested with restriction endonucleases (New 
England Biolabs, Beverly, MA) Hindlll and Aval Digestion of the 
TNF-a cDNA resulted in a 578-bp fragment containing 450 bp of 
the TNF-a coding region as well as 128 bp of the 3'-UTR. Fragments 
were visualized with ethidium bromide after electrophoresis of 
the digests into 1.2% agarose gels. The 578-bp ON A fragment was 
excised and purified using the QlAquick gel extraction kit (Qiagen). 
Approximately 25 ng of the TNF-a fragments were resuspended 
in sterile water for use in [a-^^PldCTP random primer labeling 
reactions employing the Rediprime 11 kit (Amersham Pharmacia 
Biotech Inc., Piscataway, NJ). A 316-bp human GAPDH DNA probe 
(Ambion, Inc., Austin, TX) was also randomly prime labeled using 
the Rediprime IJ kit to detect GAPDH mRNA that served both as a 
mRNA stability control and loading control, 
2.8. Northern blot analysis 
Total RNA from THP-1 cells was extracted using the TRIzol 
reagent (Gibco Life Technologies) as per manufacturer's protocol. 
Following extraction, total RNA samples (10-15 |jLg) were elec-
trophoresed into 1% agarose/formaldehyde gels at 50 V for 1.5 h and 
then transferred to positively charged nylon membranes up to for 
3 h. Transferred RNA was than cross-linked to membranes using a 
UV cross-linker (Bio-Rad, Hercules, CA). Membranes were washed 
in 2 X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate )-0.5% 
SDS for 30-60 min, after which they were pre-hybridized at 42 C 
for 3h with salmon testes DNA (Sigma) in a pre-hybridization 
solution of 50% formamide (Sigma) and 10% SDS (Sigma). Now 
radiolabeled probes were then added to the hybridization buffer 
overnight at 42 C. After hybridization, blots were again rinsed with 
2x SSC (with 1% SDS) for 15 min at room temperature, and then 
washed once with 0.1 x SSC (with 1 % SDS) for 30 min at 60 C. Blots 
were then dried briefly and TNF-a and GAPDH mRNA were visual-
ized by autoradiography and quantified using a Phosphorlmager 
and ImageQuant software (Molecular Dynamics, Sunnyvale, CA) 
and corrected by reference to the corresponding GAPDH reading 
to compensate for slight variation in loading. 
I6hr ^24hr 
Fig. 1. Effect of Pb exposure on cellular viability. THP-1 cells were exposed to differ-
ent concentrations (0.1-100 JJLM) of Pb for 6 and 24 h. Cellular viability was measured 
by MTT assay. Results were calculated by averaging three independent experiments. 
2.9. Ribonuclease protection assay 
Total RNA from THP-1 cells was extracted using the TRIzol 
reagent (Gibco Life Technologies) as per manufacturer's protocol. 
For mRNA stability experiments, cells were further cultured in the 
presence or absence of Actinomycin D (lOixg/ml) for the indi-
cated times following Pb treatment before RNA was isolated. For 
some experiments THP-lcells were pretreated with either 20 JJLM 
SB203580 or 25 |jtM PD98059 before Pb stimulation and RNA iso-
lation. Previously synthesized riboprobe for TNF-a was used and 
RPAs were carried out following the manufacturer's instructions. 
Samples were run on 5% sequencing gels, dried, and autoradio-
graphed (Molecular Dynamics, Sunnyvale, CA). 
2.10. TNF-a protein quantification 
The extracellular medium was centrifuged at250xgforl0min 
and the supernatant was stored at -20 C. For determination of 
intracellular TNF-a content, cells were lysed, centrifuged and the 
supernatant was stored at -20 C. TNF-a was analyzed using a 
commercial ELISA kit (Biosource, Camarillo, CA), 
2.1 L Statistical analysis 
The data were analyzed to obtain mean values and standard 
deviation for all treated and vehicle control samples, which were 
subjected to statistical comparison using student-f-test, p<0.05 
was considered as significant. 
3. Results 
3.1. Pb treatment alters cellular viability 
The human monocytic cells THP-1 weie exposed to increas-
ing concentration of Pb (0.1-100 |xM) for different time periods (6 
and 24h). The results showed that the exposure concentration of 
100 |j,M or less had only mild effect on cellular viability i.e. more 
than 80% were found to be live in all time periods (Fig. 1). Based 
on the above results we used exposure doses less than 100|xM 
throughout the study. 
3.2. Pb treatment upregulates m-RNA levels of TNF-a and other 
pro-inflammatory cytokines 
We initially analyzed the m-RNA levels of TNF-a and other pro-
inflammatory cytokines (IL-1|3 and lL-6) by RT-PCR. As indicated 
in Fig. 2A, Pb treatment for 24 h enhanced TNF-a, IL-ip and IL-
6 m-RNA expression levels. Similar results were observed when 
LPS (200ng/ml) was used, as a typical pro-inflammatory agent. 
Further analysis of time course of TNF-a m-RNA induction in Pb 
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exposed monocytes indicated that exposure period range 3-6 h was 
enougln to get a maximal increase, wliere 12 h exposure had shown 
less decrease, however longer exposure periods (>12h) lead to a 
diminished upregulation (Fig. 2B). Furthermore, we had also ana-
lyzed the dose-response of TNF-a m-RNA upregulation by Pb. As 
clearly shown in Fig. 2C, the dose of 10-100 |xM increased TNF-a 
m-RNA level in a concentration dependent manner. On the con-
trary, low doses of Pb (less than 10 ixM) had shown no significant 
effect on TNF-a m-RNA level (data not shown). Similar observation 
was recorded in TNF-a production at protein levels also (Fig. 2D). 
3.3. Pb treatment activates various MAPKs in THP- / monocytes 
PD 98059 SB 203580 
a. 
c 
a. 
c 
Z> J2 
TNF-a 
GAPDH 
Fig. 4. THP-1 cells pretreated for 1 h with 20 |xM SB 203580, 25 M-M PD 98059. fol-
lowed by Pb (50 p.M) for indicated time. m-RNA levels of TNF-a and GAPDH were 
detected by RT-PCR. Data are representative of three independent experiments. 
We analyzed the possible signaling mechanism that could be 
involved in Pb mediated TNF-a regulation. For this, we studied 
the activation of the three major types of MAPKs, i.e., ERKl/2, p38 
and JNK. Primarily it was found that Pb constituently activated 
the ERKl/2 pathway in THP-1 cells. As evident from the western 
blotting experiments, Pb clearly enhanced ERKl/2 phosphorylation 
highest at 120 min. The phosphorylation pattern clearly indicated 
a gradual increase in phosphorylation over the time up to 120 min, 
however the phosphorylation tends to decreased onwards i.e. 
240 min (Fig. 3A). The exposure of Pb modified the levels of total JNK 
but a slight increase in phosporylated form of JNK at 30 min, which 
was abolished (Fig. 3B) with time. Interestingly, the phosphoryla-
tion pattern of p38 was also similar to that of ERKl/2 as apparent 
in Fig. 3C. In all the cases 1 h LPS exposure (200 ng/ml) was used as 
a positive control, which displayed a marked activation of all the 
three MAPK's. 
3.4. Inhibition of ERK phosphorylation decreases TNF-a m-RNA 
levels 
To further determine the role of ERKl/2 and p38 phosphory-
lation in Pb mediated upregulation of TNF-a m-RNA levels, we 
investigated the effects of MAPK inhibitors namely PD-98059 for 
ERKl/2 and SB-203580 for p38. The inhibition of ERKl/2 phospho-
rylation by applying PD-98059 (25 |xlVI) in Pb-treated monocytes 
clearly abolished the upregulation of TNF-a m-RNA. Moreover, 
very less or non-significant inhibition of TNF-a m-RNA was also 
observed in presence of SB-203580 (20|xM) (Fig. 4).) In order 
to specify RT-PCR results, we performed Northern blot analysis, 
which showed significant inhibition of TNF-a m-RNA in presence 
of ERKl /2 inhibitor (PD 98059), however p38 inhibitor showed less 
effect (Fig. 5A and B). We further analyzed the combinatorial effect 
of both MAPK inhibitors in combination on TNF-a m-RNA level: 
which showed nearly complete attenuation of TNF-a m-RNA level 
(Fig. 6). However, no loss of human monocytic cells viability was 
observed at the concentrations of inhibitors used. 
3.5. Effect of MAPK inhibitors on TNF-a production 
The different MAPK inhibitors were also used to determine 
whether activation of ERKl/2 or p38 modulated the Pb induced 
TNF-a protein production. Cells were incubated with Pb alone and 
in presence of inhibitors (PD 98059 and SB 203580) for 24h and 
TNF-a secretion was assessed by ELISA. Pb (50 fJ-M) induced TNF-a 
production was inhibited in a concentration dependent fashion at 
24 h by both inhibitors (Fig. 7A and B). Moreover, in the presence 
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of JNK inhibitor SP 600125 (10 |jiM), LPS induced TNF-a production 
^ was significantly reduced whereas Pb induced TNF-a production 
was not affected (data not shown). 
3.6. Effect ofMAPK inhibitors on Pb-induced TNF-a m-RNA 
stability 
In order to find out the exact mechanism that how Pb increases 
the TNF-a m-RNA levels it was essential to perform the studies that 
reflect the effect of Pb on TNF-a m-RNA stability. For, this TNF-a 
expression was induced by adding LPS (1 |J.g/ml) in culture for 3 h 
and then stability of its m-RNA was assessed in presence or absence 
of inhibitors. m-RNA was isolated at different time intervals (60, 
120 and 240 min) after treatment with Pb alone or Pb + MAPK 
A 2 5 0 -
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klli 
50 2-^ 50 20-50 
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Fig. 7. Effect of ERKl /2 and p38 inhibition on TNF a release in THP-1 cells. (A) THP-
1 cells were pretreated for 1 h with PD 98059 (25 p.M) before 24 h incubation with 
Pb (50 (JLM). TNF-a levels were measured by ELISA. Data are representative of three 
independent experiments. (B) Similar conditions were applied in presence of SB 
203580 (20pLlVl). Asterisks indicate significant changes as compared with the Pb 
(50(JLM)CP<0.05) . 
inhibitors in presence of Actinomycin D (10|xg/ml),. Actinomycin 
D treatment suppressed TNF-a m-RNA expression at each time 
interval, resulting in a TNF-a m-RNA half life of 49 min (Fig. 8A). 
Expression of housekeeping GAPDH m-RNA was not changed by 
Actinomycin D treatment. The presence of Pb Increased TNF-a m-
RNA stability, resulting in a TNF-a m-RNA half life up to 240 min. 
When the ERKl/2 inhibitor PD 98059 (25|jiM) was co-incubated 
with Actinomycin D and without Pb treatment, m-RNA half life 
decreased from 49 to 15 min. The result referred to suggests that 
ERKl/2 is required to stabilize TNF-a m-RNA in non Pb treated 
cells. Similarly, Pb mediated TNF-a m-RNA half life (up to 240 min) 
was also reduced to 27 min in the presence of ERKl/2 inhibitor. 
Moreover, when we compared the percentage of remaining TNF-
a m-RNA both in absence and presence of ERKl/2 inhibitor, we 
observed clear involvement of ERKl/2 in Pb induced TNF-a m-RNA 
stability. Similarly, we employed SB203580 (20 |i,M) to investigate 
whether p38 pathway is involved in Pb induced TNF-a m-RNA sta-
bilization. Actinomycin D treatment resulted in a TNF-a m-RNA 
half life of 49 min (Fig. 8B). When the inhibitor was co-incubated 
with Actinomycin D and without Pb treatment, TNF-a m-RNA half 
life was reduced to 36 min. These results indicated that p38 acti-
vation could also be involved in stabilizing the TNF-a m-RNA. Pb 
(50|xM) increased the TNF-a m-RNA half life up to 240 min. This 
increased half life was reduced to 62 min in presence of SB 203580. 
The above results clearly suggested that Pb induced TNF-a m-RNA 
stabilization was also significantly regulated by p38. 
4. Discussion 
It is a well known that pleiotropic cytokines such as TNF-a 
are produced predominantly by activated monocytes, macrophages 
and lymphocytes and plays a central role in inflammation. In the 
present study, we found significant induction of TNF-a both at m-
RNA and protein levels from monocytes exposed to Pb. We had also 
observed higher m-RNA levels of other proinflammatory cytokines 
i.e. IL-1P and IL-6. Our results are in clear agreement with the pre-
vious reports that have reported significant induction in different 
proinflammatory cytokine levels after Pb exposure either in vitro 
or in vivo |28-31|. 
The MAPK signal transduction pathways are critical regulators 
for inducing inflammatory gene expression after exposure to differ-
ent types of mitogens. Moreover, MAPKs could directly target the 
RNA polymerase 11 complex to bring about transcriptional activa-
tion of proinflammatory cytokines such as TNF-a at the promoter 
level [32,33]. These mechanisms are fundamental in the initiation 
of inflammatory responses. We have observed that ERKl/2 and p38 
were significantly activated in Pb exposed monocytes and that the 
MAPKs mediated induction of TNF-a is mainly via ERKl/2 mediated 
pathway. To further prove the role of activated ERKl/2 and p38 in 
induction of TNF-a m-RNA, we suppressed the phosphorylation 
of ERKl/2 by using PD-98059, which specifically block the phos-
phorylation of ERKl/2, by inhibiting phosphorylation of MEKl/2. 
We found that inhibition of ERKl/2 results in significant ablation 
of TNF-a m-RNA, whereas inhibition of p38 by specific inhibitor 
SB-203580 also substantially decreases the TNF-a m-RNA. When 
both of the inhibitors were used in combination, TNF-a m-RNA 
levels were completely diminished. Based on the above intriguing 
facts it is evident that ERK mainly regulate TNF-a production at 
transcriptional levels in Pb exposed monocytes. However we did 
not deny the fact, p38 also played a significant role in regulat-
ing the TNF-a production in Pb exposed monocytes. Our study is 
in clear coordination with other studies that have shown ERKl/2 
dependent induction of TNF-a at both transcriptional and post-
transcriptional levels [34-36]. It has also gained strength from 
another report, which has established the role of other MAPKs i.e. 
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p38 andJNK, in regulating TNF-a production at botti translational 
and post-translational levels 137-40). 
Investigations into the post-transcriptional control of TNF-a 
have focused on the importance of ARE present in the UTR of TNF-a 
RNA as a critical region involved in the regulation of TNF-a message 
stability and translation |41,42|. In unstimulated cells, the TNF-
a message is unstable and translationally repressed, preventing 
TNF-a protein production [431. In response to mitogen mediated 
stimulation, such as by LPS. the TNF-a message is stabilized and 
translation is de-repressed, allowing for the rapid production of 
TNF-a [44,45]. In the present study we observed increased sta-
bility of TNF-a m-RNA after Pb exposure. Moreover the TNF-a 
m-RNA stability was dependent on ERKl/2 activation, because 
blocking of the ERK phosphorylation resulted in decreased sta-
bility of TNF-a m-RNA. Furthermore, the TNF-a m-RNA stability 
tends to decrease further when ERK and p38 inhibitors were used 
in combination with Pb. Our results demonstrated the inhibition 
or complete ablation of TNF-a m-RNA stability either by ERKl/2 
alone or by combination of both inhibitors, which is consistent with 
the earlier reports [46,47|. In addition, nuclear export of TNF-a m-
RNA is also a regulated event requiring ARE as well as an intact 
Tpl2/ERK signaling pathway. Unlike the Raf-1/ERK pathway, which 
mainly responds to mitogens, Tpl2 signaling is activated by TLR 
or proinflammatory cytokine stimulation [48]. Although, precise 
mechanism involved in the induction ofTNF-a levels by Pb is notyet 
known, ERKl/2, which is getting activated by Pb, has been shown 
to regulate TNF-a production in several ways. It has been reported 
that the stimulation of macrophages by LPS results in increased 
ERKl/2 phosphorylation as well as increased nuclear transport of 
TNF-a m-RNA, which in turn enhances TNF-a production [49|. It 
has also been shown recently that selective blocking of the ERKl/2 
phosphorylation (at IVlEKl/2) does not have significant effect on 
the pre-TNF-a production (an immature form of TNF-a), but secre-
tion of the mature TNF-a was reduced markedly from macrophages 
exposed to LPS [50|. Thus ERKl/2 appears to play role in the regula-
tory mechanisms that are responsible for the maturation of TNF-a 
prior to its secretion. Since inhibition of ERKl/2 and p38 decreases 
the TNF-a secretion in Pb exposed monocytic cells, it is be possible 
that a similar mechanism operates through Pb. in this case (Fig. 9). 
In summary, we had mainly focussed on the activation of MAPKs 
and their regulatory effect on the TNF-a production at transcrip-
tional level after Pb exposure in human monocytic cells. Several 
studies have suggested regulatory role of MAPKs in proinflamma-
tory cytokines production after Pb exposure 128,30] in other cell 
systems (glioma and hippocampal) rather than phagocytic cells. 
Moreover. Guo et al. [13] have provided initial clues for the tran-
scriptional and posttranscriptional regulation of TNF-a production 
from phagocytic cells but the study lacks information regarding 
the regulatory role of MAPKs in TNF-a production. We for the 
first time have shown the regulatory role of MAPK's in TNF-a 
production in Pb exposed human phagocytic cells. Clearly, stud-
ies are required to increase our understanding about the role of 
other important signaling molecules (MAPKK's and MAPKKK's) 
and transcription factors (Nf-KB, EGR-1, c-Fos etc.) in ERKl/2 
mediated induction of TNF-a production in Pb exposed mono-
cytic cells to completely dissect the molecular mechanism of 
TNF-a induction at both transcriptional and posttranscriptional 
levels. 
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